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SUMMARY 
The applicability of the principles of spray drying to 
the desolYentlzatlon of mlsoella (mixtures of soybean oil and 
trlchloroethylene) was Investigated as a possible method for 
both reducing the cost of the operation and producing oil of 
better quality. The extremely varied and extensive use of 
spray drying In similar processes led to Its selection for 
study In this worlc. One of the more appealing aspects of the 
method was the relatively low temperature to which the oil In 
the mlsoella particle Is subjected during evaporation of the 
solvent. Because the solvent must vaporize at Its boiling 
point under the conditions of spraying, the resulting abstrac­
tion of heat from the small particles maintains their tempera­
ture at or near this boiling point, which Is safely below the 
darkening temperature of the oil. 
Despite the extent of the practice of drying material In 
atomized form, no such application had yet been made to the 
separation of trlchloroethylene from soybean oil. Since this 
Investigation should pioneer further work In this field, an 
exhaustive literature survey was made and the more Important 
of many abstracts on both theory and practice chosen for pre­
sentation. Very little material could be found on the transfer 
of heat to particulate systems. 
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Two sizes of spray oh8.mbers wore investigated. The 
minimum operable unit was found to measure 2 feet in diameter 
by feet high, with a cone bottom. Several spray nozzles 
were studied and that one selected which gave the most trouble-
free operation. The miniraum nozzle orifice diameter was found 
to be 0.0313 inches. Smaller orifices plugged too easily and 
larger ones permitted feed rates in excess of the capacity of 
the equipment. It was concluded that the centrifugal disc 
atomizer would offer better performance than any of the 
various other atomlzation devices. 
Superheated steam at temperatures around 675° F* was used 
as a dessicant with no effect on the color of the product oil. 
The optimum manner of contacting this steam with the particle 
cloud was not determined but it was shown tlmt such had not 
been attained with the arrangements employed. 
Even though the dessicant steam was not fully utilized, 
data indicated that the steam requirements In spray desolventl-
zatlon are about one-half those in conventional methods. 
The interrelation of the variables vapor pressure, tem­
perature, and concentration of mlscella me studied. The data 
obtained showed the vapor pressure of mlscella between 30® and 
90° 0. to be constantly increasing, and higher than that for 
pure trichloroethylene, at concentrations between 0 and 20 per 
cent oil. For oil contents greater than 20 per cent the vapor 
pressure decreased but still remained above that for pure 
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trlohloroethylene over a range of conoentratlon dependent on 
the temperature. 
Solvent loss from the syatera was exoeaslve at times. 
Althoiigh the normal saturation value of vapor In air wan drawn 
to the vacuum pump, a major portion of the loss ocourred as 
fog, or entrained liquid droplets resulting from condensation 
from a supersaturated oonditlon In the cooling space. Both 
forms of the loss are readily absorbed by raw soybean flakes 
and may, therefore, be recovered by directing the gaseous 
discharge from the vacuum pump into the flai:e feed to the 
extractor. 
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INTRODUCTION 
The Amerioan nation is consuming more and more edible 
fats each year. This excellent source of body energy appears 
to be displacing to some extent the common starch staples 
such as flour and potatoes, and even decreasing the per capita 
consumption of meat. Diet supplements which include fresh 
produce, vegetables and fruits, and canned items are also in­
creasing in consumption. Bailey (11) has pointed out that in 
1939 the per capita consumption of fats in all foods was esti­
mated to be 9^ *7 pounds, of which 46.3 pounds consisted of 
prepared fat products, including butter. The per capita con­
sumption of edible fats other than butter and lard was about 
16 pounds. 
Of the 16 pounds per individual disappearance of edible 
fats other than lard and butter, 1^ .9 pounds or around 93 per 
cent were contributed by vegetable sources. One-half of this 
figure was contributed by soybean oil alone (3). In 19^ 6 
some 1,530 million pounds of soybean oil were produced for 
export and domestic use. Of this figure, food products con­
sumed 1,236 million pounds, or 87.8 per cent of the domestic 
disappearance. 
During the period from October 1, 19^ 7 to September 30, 
19^ 8 around 6l million bushels of soybeans, or about 38 per 
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cent of the total, were processed by solvent extraction, 
representing an increase from figures of 28 per cent for each 
of the two preceding years. The average yield was 10.7 
pounds of crude oil per bushel, compared with 8.9 pounds by 
the expeller and 8.5 pounds by the hydraulic methods (2). 
The majority of the extracted soybean oil enters into 
edible consumption, much of it undergoing hydrogenation after 
refining. Unpublished tests conducted by the Iowa State Col­
lege Engineering Experiment Station, as well as by Swift and 
Company, indicate that th6 presence of traces of the extrac­
tion solvent both inhibit and to some extent destroy the 
efficiency of the hydrogenation catalyst. VThile it has been 
shown that the refining operation will reduce the residual 
solvent content of the crude extracted oil obtained in normal 
operations down to a range of 5o ppm. or less, it is highly 
desirable that the crude be introduced to such refining con­
taining as little solvent as possible. Obviously, the factors 
of process economy, oil quality, and, in the case of hexane, 
storage and handling safety, must all enter into evaluation 
of that optimum degree of desolventization which permits of 
satisfactory post-stripping treatment. 
At present the separation of the solvent from the ex­
tracted oil involves similar operations regardless of which 
of the several commercial extraction systems is used. Without 
exception the evaporation process is multistage. Thus, 
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reduction of the mlsoella from 20  to 50 or 80 per cent oil 
may be effected In several ways. The Allle-Ghalmers system 
employs a multltube high-veloolty, rlslng-fllm evaporator 
whose output Is held around 80 per cent oil. This Is followed 
by the final stripping stage which Involves a vacuum bubble 
cap column. The French system feeds Its full mlseella first 
to a hairpin tube, horizontal boiler, then to a falllng-fllm 
evaporator, and finally to a packed tower utilizing direct 
steam. For the final stripping operation, then, either a 
bubble cap column or a packed tower Is lised, with or without 
vacuum. 
Without exception, the bulk of the solvent in the raw 
mlsoella is vaporized by the transfer of heat across the tube 
walls from some carrier of thermal energy. The latter may be 
a high boiling synthetic liquid such as Dowtherm, but in 
general is simply prooese steam. Attendant with such transfer 
are the problems of corrosion and scaling of the intervening 
metal surface. Idajor consideration must be given fouling on 
the mlsoella side as a result of unavoidable local overheating, 
incorrect startIng-up and residual heat upon suspending opera­
tions. Thus, during any continued period of operation of a 
heat exchanger or evaporator to partially deeolventize the 
mlseella, there is occurring a progressive increase in the 
resistanoe to heat transfer across the walls of the tubes. 
As the fouling proceeds, in order to effect transfer of 
7 
the required energy across a substantially constant area a 
continually greater driving force Is required, and the opera­
tion pressure of the steam must therefore toe Increased. 
Since the mlacella side scale la never deposited evenly this 
means even greater local overheating will prevail In some 
areas, the excessive temperature furthering the darkening of 
the normally light oil. Eventually, the fouling becomes 
sufficient to effectively reduce heat transfer below the 
minimum economical operating level, and a shutdown must follow 
to descale the tubes. Lost production time means Important 
Increaaen in maintenance and labor, storage, insurance, and 
other standby charges, and equally important decreases in 
sales and customer satisfaction. 
Why, since the existence of a metallic thickness between 
the heat source and its demand inevitably results in the 
above condition, may we not do away with this wall and obviate 
the difficulty? Prom a practical standpoint this is not as 
simple as it sounds. Direct contact between steam and miscella 
is obviously easily attained merely by injecting one into the 
other. Efficient direct contact, in a manner which effects 
the desired decrease in steam consumption while Increasing the 
quality and period of operation, is much more difficult. 
Simple injection of direct steam Jets into a bulk of miscella 
is extremely inefficient, a large majority of the steam 
escaping unused. 
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The obvious solution of the problem of poor contact 1B 
dispersion of a unit volume of the alecella to present the 
maximum surface to the action of the direct steam, This 
maximum surface action cstnnot be secured efficiently by merely 
spreading out the mlscella as In the ordinary filming 
evaporator. Obviously, the dispersion of the mlscella into a 
myriad of minute particles in the presence of the steam offers 
a promising solution to the problem. This dispersion should 
be practical by atomlzation as In the ordinary spray dryer. 
The tremendous increase in contact area which may be secured 
in this manner is Illustrated below, 
As a basis of calculation assume first of all an S-inch 
diameter, 8-foot column, packed with l-lnoh Berl saddlesi At 
79 square feet per cubic foot of saddles, the filming area is 
A = (79)(3*1^  h) = 220.^  eq* ft. 
for 8 feet of packed height. Allowing for channeling and 
saddle contact, probably but 50 per cent of this area is 
available, or around 110 square feet. Now, considering de­
creased viscosity at normal feed temperatures, assume a 
mlscella film thickness not exceeding 0.01 inch. The equiva­
lent volume of oil retained on the saddles, then, becomes 
V = (110)(0.01A2) = 0.0917 OU. ft. 
Since the average density of 80 per cent mlscella 
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(assuming pre-evaporation of the extractor effluent before 
feeding to the column) Is 
Density = (0.8) (57.3 Ib./cu.ft.) (0.2) (91.3 Ib./ou.ft.) 
- 6^ .1 lb. per ou. ft. 
then the weight of the column holdup amounts to 
W = (0.0917)(6^.1) = 5.89 lb. 
I^ch Is equivalent to a throughput or retention time of about 
3 minutes at a feed rate of 120 pounds of miscella per hour. 
Assuming the average droplet size for atomlzatlon at 100 
pounds per square Inch to be about 20 microns (1 micron = 10**^  
centimeters = 3.281 x 10"^  feet) for a hollow-cone nozzle with 
an orifice diameter of 0.063 Inches (104-), the average volume 
of an Individual droplet will be 
V « (V3)(3.1^+) [(10) (3.281 X 10"^)]^ 
= 1.^ 82 X 10"^  ^cu. ft. per droplet 
At this unit volume the 0.0917 cubic feet of oil retained on 
the saddles Is equivalent to 
N » (0.0917)/(1.^ 82 X 10-^ 3) 
= 6,19 X 10^  ^droplets, 20 microns In diameter 
Now, while the saddles spread the 0.0917 cubic feet out 
over an area of 110 square feet of O.Ol-lnch film, the dis­
persion of the same volume Into the above quantity of droplets 
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yields an average total area of 
A = (4) (3.1^ ) [(10) (3.281 X 10-^ )]2(6.19 X 10^ )^ 
= 8350 sq. ft. per 5.89 lb. of mlsoella 
which corresponds to spreading about two-thirds of a gallon 
of mlsoella over a floor measuring more than 91 feet square. 
Atomlzation, therefore, creates (8350)/(ll0) = 77-3 
times as much area as does filming the same quantity of mls­
oella over Berl saddles. Another Important consideration is 
the relative volume of delivery of the two units. While the 
packed column had an arbitrary rate of 120 pounds of 80 per 
cent miscella per hour, the spray nozzle under consideration 
will deliver about 1 gallon per minute, or 60 gallons per 
hour, at 100 pounds feed pressure. If 20 per cent miscella 
direct from the extractor is processed, the nozzle will de~ 
liver some 678 pounds of feed per hour. 
Summarizing, then, atomlzation in a system such as the 
one described above will easily produce ^  times as much trl-
chloroethylene vapor per pound of feed at 5*65 times the rate 
possible in the conventional packed column. Therefore, the 
unit increase in contact area per pound of feed of 77*3 times 
in effect produces 22.^  times as much trichloroethylene vapor 
in desolventizlng from 20 to 100 per cent oil as does the 
packed column which could only atrip from 80 to 100 per cent 
oil. 
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Another factor In support of the application of spray 
drying principles to miscella is the much lower temperature 
which prevails during vaporization from an atomized particle 
as compared with a film flov/ing over paolclng. In the latter 
case, the temperature of the oil flowing from the stripper 
has heen reported as high as 300® P. (5^ )« In the theoretical 
packed column dlsouesed above a retention time of 3 minutes 
was determined for the specified rate. Holding soybean oil at 
300° P. for this length of time has been shown sufficient to 
increase the initial Lovlbond color reading from 70Y-14R to 
70Y-33R in the product. 
Atomization, on the other liand, creates minute particles 
whose bulk temperature in passage through the spray chamber, 
regardless of the desslcant temperature, never rises above 
the temperature of vaporization, or the boiling point of the 
solvent under the prevailing pressure. Under atmospheric 
pressure, then, the coalesced, desolventlzed particles issue 
from the chamber at around 190® P., or well below the safe 
maximum temperature above which darkening occurs. In con­
sideration of refining costs, the production of a light, 
stripped oil is highly desirable. 
Perhaps the highly efficient utilization of steam in a 
properly designed unit is the most Immediately attractive 
feature of the process. The intimate contact mentioned 
earlier may lead to surprising savings in process steam. 
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Thle fact, as well as the light oil produced and the 
relatively trouble-free operation which must result from 
the absence of packing which so easily fouls, will eventually 
commend the single-stage process to the soybean extraction 
processor to the subsequent displacement of the conventional 
multistage desolventization methods. The worlc reported in 
following pages initiates investigation into this promising 
field and reports results which should provide stimuli for 
further research into the spray desolventization of miscella. 
Several properties of the syotem; trichloroethylene-
soybean oil have been gathered in a following section. The 
collection of these various relations under one cover should 
be a valuable aid to the reader, especially the work on vapor 
pressure-temperature relations for different concentrations 
of miscella. 
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HISTORICAL REVIEW AND DISCUSSION 
OF PERTINENT LITERATURE 
Conventional desolventlzatlon methods 
Of the several types of extraction systems prevalent In 
the world today all possess one characteristic In common: 
their desolventlzatlon processes are multistage operations. 
The mlscella effluent from the extractors, generally around 
20 per cent oil "by weight, Is relieved of the bulk of Its 
solvent by evaporating down to from 50 to 80 per cent oil In 
steam tube units. The remainder of the solvent Is stripped 
from the oil by filming down a packed tower or In a bubble cap 
system, both employing steam as their stripping medium. 
The Allls-Ohalmers system (l6, ^ 2) extracts the oil In a 
tall, vertical column containing a series of horizontal plates 
part of whose area has been cut out. The flakes pass down the 
tower falling from plate to plate while the solvent Is forced 
countercurrently upward. The flakes falling down from an upper 
plate are swept around the next lower one by slowly rotating 
scrapers on a continuous central shaft whereupon they fall 
through the wedge-shaped hole onto the plate below. The mls­
cella Issues from the top of the column through a bar screen 
and falls to a surge tank. 
In the first of two desolventlzatlon steps the mlscella 
Is flashed to 80 per cent oil In a high velocity rising-film 
evaporator which empties to a second surge tank. In the final 
step the concentrated miscella is reduced to 0.1 per cent or 
less solvent in a vacuum bubble cap unit. 
The French process (11) employs a totally-enclosed 
rectangular chamber several stories tall in which a succession 
of baskets affixed to an endless chain carry the flakes down 
and back up in an extraction cycle. During the down portion 
so-called '•half miscella" is sprayed on the fresh flakes while 
on their way up the other side they meet fresh solvent. It is 
the latter which drains through the upcoming baskets to its 
separate compartment in the bottom of the extractor and forms 
the half miscella. 
Initial evaporation to 50 per cent oil is accomplished 
by horizontal hairpin coil boilers in the French system. 
Further desolventization to from 90 to 95 Per cent oil occurs 
in a falling film evaporator. Final stripping is carried out 
in a packed tower using direct steam. 
Other extraction systems employ quite similar methods for 
removing the solvent from the oil. These include the Bollman 
(80), Ford (62), Detrex (28), and Kennedy (65) designs. Some 
processes have been devised, independent of the type of ex­
tractor used, especially for the 6ex>aratlon. One such process 
was worked out by Bonotto and consisted of a vertical tube 
bundle, steam Jacketed and constructed so that direct steam 
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could be admitted below the liquid (miaoella) lerel in the 
tubes. The effect of atomization was achieved by injecting 
the direct steam upward through the miecella, entraining it 
up the tubes. 
A modified Porrion evaporator was earlier Investigated 
(13) in which sets of thin metal discs revolved on horizontal 
shafts, being installed in successive sets nearly touching 
and immersed in a shallow trough. Miscella covered the discs 
to about ^ 0 per cent of their diameter. As the discs rotated, 
driven by a common drive chain, they picked up and carried 
around a thin miscella film, momentarily exposing it to an 
atmosphere of steam. 
Without further discussion, then, suffice it to say that 
the conventional desolventization systems are in general two-
stage evaporation and stripping. The latter operation is 
accomplished primarily by a packed column or bubble cap unit. 
The principles and mec^ nics of spray drying, to the writer's 
knowledge, have never been applied to the recovery of solvent 
from vegetable oils. 
Applications of spray drying 
Several examples, illustrating the general utility of the 
principles of spray drying, will be described in this section. 
The diverse nature of these examples suggests that the problem 
of spray desolventization of miscella was solvable from incep­
tion. 
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One of the earliest references to spray drying appeared 
In a patent Issued to LaHont In 1865 (69) covering the produc­
tion of egg powder. A few years later Percy described spray 
processing conditions In detail (102). The predecessor of one 
of the first widely commercialized systems was patented In 
Germany In I90I hy Stauf (123) a-nd acquired and modified by 
the Merrells (88) as the Merrell-Soule system which became 
available to the process Industries. From that time the next 
two decades saw this revolutionary new drying treatment appear 
In many forms, some obviously ridiculous, other fundamentally 
sound. 
A quite complete account of the spray drying of the ex­
tracts of chestnut wood by the Gardem process was presented 
by McOormaclc (82) In 1917» process Is well described and 
a fairly comprehensive treatment of data Is undertaken. 
Mention Is made of the low cost of the method compared with 
either an atmospheric or vacuum drum dryer. 
Early descriptive references (126, 100) to the Krause 
spray dryer and Its applications are to be found In several 
German Journals around 19I8 and In 1922 (121). Hammersteln 
reviewed German spray dryers (^ )^ being used on milk, meat ex­
tracts, and eggs around 1919, giving Illustrative descriptions. 
Young (132) reported on the spray drying of glycerine In 
1919 In his "Distillation Principles and Practices." The 
glycerine was preheated to 180® 0. and Injected from a region 
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of high pressure Into one of reduced presaure. Water was 
vaporised over to condensers from the atomized glycerine. 
Fleming (35), disouaslng the Merrell-Soule process in 
1921, listed the essentials of a successful spray drying sys­
tem as an air filter, hlower, heater, drying chamber, atomir,er, 
dust collector, and mixing deyices. An example of the latter, 
to mix the atomised particles with heated air, vae also 
patented by the Merrells (87)- A quotation from Fleming 
(35, p. ^ 8^) indicates with emphasis how uncertain was this 
empirically founded art at the time. 
We believe . . . evaporation is so rapid . . . drop­
let is actually kept cool until the dry state Is 
reached .... If we are correct in our argument 
that the rapid evaporation keeps the droplet cool 
... it appears . . . process is especially useful 
in the deosication of materials easily injured by 
heat. 
The patents of John Ingram (5) were among the early Issues 
covering the new technology of the spray drying of soap. These 
patents outlined the production of dried soap powders from a 
soap paste (55) and described a spray drying process to produce 
a dried soap powder suitable for milling (56). 
The introduction of air tangentially and its removal from 
a top opening in the cyclone chamber was first applied to milk 
drying in the Oray-Jensen system (6). The milk was sprayed 
downward and out from an axial point under a pressure of 2500 
pounds per square Inch, producing two extremely mobile, and 
at least partly countercuarrent, diffusion streams. The dried 
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particles traveling to the periphery of the chamber and the 
humid air exiting eucl&lly at or near the top still constitute 
the pattern of flow In the majority of modern Installations. 
By 1927 tihe following products (12^ ) had been or were 
being spray processed besides milk: blood products (whole, 
serum, serum residue), eggs (albumin, whole, yolks, milk com­
binations), gelatin, soap, vegetable flours (potatoes, bananas), 
sugar, beverage products such as cocoa mixtures, citrus fruit 
flavors, molasses, glucose syrup, malt extract, lactose, and 
Inorganic salt solutions such as 20 per cent aqueous sodium 
sulfate, A bright future was predicted for the application of 
spray processing to vegetable Juices, cooked vegetables, 
animal feeds, tanning extracts, delicate pharmaceuticals and 
medicinale, and rubber accelerators. 
Many Innovations In the general process were developed In 
the Kestner spray dryer In 1927 (8). To prevent premature 
drying of the feed before It had been sufficiently dispersed 
by the disc atomizer a small quantity of cold air was bled In 
with the feed, thus protecting ,lt for the necessary Instant re­
quired for dispersion. The Kestner disc atomizer appeared to 
be as free-flowing and non-clogging as any then being marketed. 
In the Mllkal, Ltd.^  process (9) pasteurized milk, vacuum 
pre-evaporated to ^ 0 per cent solids, was cooled and pumped to 
rectangular spray chambers 33 feet high, 20 feet long, and 20 
feet wide, with hopper bottoms. The capacity of these systems 
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VJBS 200 pounds per hour of powder containing 3 per cent 
moisture, using as a feed the solution of ^ 0 per cent solids. 
Heated air supplied to each chamber required 1500 poundu per 
hour of steam at 120 pounds per square inch, gage. 
The relation between the source of heat for the dessicant 
and the thermal efficiency of the process was discussed in the 
same vein and with the approximate wording which might be used 
today. The importance of the bulk density of the product and 
the conditions influencing its value were shown. Using a disc 
atomizer at low speeds, the bulk density will remain constant, 
but at some higher value, depending upon the material, the 
bulk density decreases (linearly) through the formation of 
hollow particles. Finally, at the point of increased speed at 
which these hollow particles begin to break up, the bulk den­
sity again increases; 
The status of the milk industry ms reviewed around 1928 
by Porcher (108) who described the manufacturing processes 
which had been retained in use in the commercialization of 
milk products as only those "^ ich gave satisfaction to the 
industry"; notably, these were the Bevenot-DeNeven (15), 
Merrell-Merrell-Q-ere, and Krause processes. Superheated steam 
rather than heated air ms first employed as the dessicant in 
the Buhl process around 1918. Heated gas such as nitrogen or 
carbon dioxide was patented as a dessicant in France in 1921 
by Vitoux and Porcher. 
20 
The Krause system (126, 100, 121) successfully pioneered 
the disc atomizer. Rerolrlng at speeds up to 2^ ,000 revolu­
tions per minute, tangential velocities for one disc employed 
attained 160 meters per second. It vas shovn by theoretical 
calculations that the particles leaving the disc at this 
velocity would require only l/28th of a second to reach the 
vails, but drying as they did before the -walls were reached, 
desslcation was probably effected in about l/4oth of a second. 
The tower diameter varied between 2 and 5 meters. 
Nyrop (99) in 1929 discussed the theory of evaporation 
from a particulate group and the various processes to that date. 
Both pressure and centrifugal nozzle types and the paths of 
resultant particles were examined. Experimental irarlc using a 
Niro-type atomizer was carried out on the following materials; 
latex solution, tanning extracts, molasses, sugar, Juices, 
malt products, blood products, eggs, milk, chocolate prepara­
tions, fresh coconut kernel, and beets. Atomization had been 
applied to the homogenization of fresh cream, butter in an 
atmosphere of carbon dioxide, and the preparation of vitamin 
concentrates. 
It was shown that the temperature gradient between the 
particles and the desslcant is Independent of their surface 
area and is increased by a high velocity of the desslcant rela­
tive to the particle, or decreased when the vapor pressure of 
the desslcant is increased. 
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Partridge (101) deBorlbed a spray drying system Introduoed 
around 1930 to process a carefully formulated Infants' milk as 
a substitute for natural breast milk. The mix was preheated 
to 1^ 5® F. and atomized at 1200 pounds pressure by means of 
sixteen spray nozzles sjrmmetrlcally arranged near the top of 
the spray chamber. The product was delivered at 150° F. with 
a moisture content of 1.5 per cent. The total capacity of the 
unit was between 1700 and 1800 pounds of water evaporated per 
hour, using 20,000 cubic feet per minute of air at 300° P. 
Spray drying latex In Sumatra around 1920 using the 
Hopklnson method Is discussed by Leeuw (7^ ), and employing 
the Krause system, by Loomls and Stump (78)* The first method 
used a yarlable-speed disc atomizer, 18 Inches In diameter, at 
the top of the usual form of chamber, an Inverted truncated 
cone 18 feet In diameter at the top. The units had a capacity 
of 250 gallons of latex per hour, amounting to about two tons 
of raw rubber per day, when using air at 350° P. 
The advances In the soap Industry to 1931 vere reviewed 
by Wurster (131) with especial reference to the Wurster and 
Sanger spray process, for which a sketch of a soap powder In­
stallation showing relative positions of equipment Is given. 
Manning (79) described the Peebles spray dryer. Including 
a schematic flow sheet which gave typical dimensions and oper­
ating data, and discussing some auxiliary equipment. In the 
Peebles system recycle desslcant Is blown tangentlally Into 
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the upper part of the chamber where Its direction of rotation 
is opposite to that of hot fresh deaslcant entering at the 
top center. Thus, an outer colder vortex zone revolves around 
a hot Inner zone, In the form of the recycled gas, a principle 
mainly responsible for the success of the Peebles dryer. 
The spray drying of yeast in a G-ray-Jensen unit 18 feet 
In diameter ms reported by Farrall (3^ ). Atomizatlon of a 
liquor containing l6 per cent solids was accomplished by one 
nozzle operating at 2000 to ^ 000 pounds pressure, with a yield 
of 350 pounds per hour of yeast containing 3 to 4 per cent 
moisture. Air requirements were 15,000 cubic feet per minute 
at 225® to 290® F., which exited 5o to 6o per cent saturated 
with water vapor at 150° to l6o° P. Practically 100 per cent 
recovery of solids was effected by washing this exit air from 
the spray chamber with dilute liquor containing 6 to 10 per 
cent solids. 
Examples of a typical heat balance over a spray drying 
process for milk have been given by Scott (119) who described 
the engineering aspects of milk processing. Preheating and 
preconcentrating, atomizatlon methods, mixing of spray and 
dessicarit, limiting conditions of outlet air, powder removal 
and recovery, utilization of outlet air, methods of heating 
the dessloant, and the use of other gases than air as dessi-
cants are discussed practically and factually. 
Lewis (75) named the factors most essential in the oon~ 
sideration of a spray dryer design as atomizatlon, mixing of 
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the cloud with the deeslcant, and developing and controlling 
the relative directions of flow of the spray and dessloant. 
It was Indicated that atomlzatlon was attainable "by Impinge­
ment of a high velocity Jet upon a target, by directing the 
fluid under pressure through a small sharp-edged orificei "by 
destroying a liquid Jet with a stream of steam or compressed 
air, and lastly by centrifugal action; some discussion of 
atomizer types, their advantages and disadvantages, ^ s 
Included. 
The existence of a limiting degree of atomlzatlon, shown 
by the Investigations of Scheubel and Sauter, was emphasized 
by Lewis. Thus, for any atomizer there must be some maximum 
pressure, or speed of rotation, above which only useless ex­
penditure of work occurs, the optimum atomlzatlon having been 
obtained. The contributing factors Involved In a correct 
choice of the manner of mixing the spray and desslcant are 
discussed. 
Lewis {76) later depicted the drying or desolventlzatlon 
of atomized particles as occurring In these five stages: 
1. Diffusion of liquid through the solution to the 
gas-llquld Interface. 
2. Emergence of vapor molecules from the liquid 
Interface. 
3. Diffusion of vapor through the solid shell. If 
such exists. 
Diffusion of vapor through the thin, relatively 
stationary gas film. 
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5. Hemoval of diffused rapor by mass exchange In 
the main body of the gas. 
whloh lead to three distinct periods of drying: 
1. The period of saturated surface drying, evapo­
ration taking place at the gas-llquld Interface 
and the gas film resistance controlling. 
2. Evaporation at the gas-llquld Interface but now 
with the liquid diffusion resistance controlling. 
3. Evaporation at the llquld-solld Interface (In 
case of a solid product), the liquid film re­
sistance again controlling. Here, the vaporized 
molecules diffuse through the outer shell as 
well as the gas film. 
The factors affecting diffusion through the gas film In the 
case of saturated surface drying are several. Increased veloc­
ity of a projected particle Is determinable and predictable for 
only a brief moment of its existence In a particulate system 
since almost Immediately eddies and swirls tend to disrupt any 
designed.trajectory. Therefore, the ease with which the veloc­
ity factor Is alterable quickly reaches a maximum. 
Decreasing gas viscosity promotes decreasing film thick­
ness for a given mass velocity. This factor Is controllable 
first by choice of desslcant, and second, having selected the 
medium, by Increasing its temperature to that maximum value 
which both satisfies economic demands and promotes optimum 
physical charaoterlstica in the product. 
In the choice of desslcants, or inert carriers, considera­
tion might be given their molecular weights. The proportion­
ality between the diffusion coefficient and the rate of 
evaporation, and the dependence of the former on the resistance 
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to diffusion offered "by solvent molecules, Justify such 
thought. 
The second period of drying recalls the familiar falling 
rate period In more elementary tray or slab drying. In this 
stage the liquid molecules vaporize either Immediately upon 
reaching the surface or down In the Interstices of the solid 
shell, If one exists. The spray drying Industry Is not yet 
equipped to describe the mechanism of desslcatlon quantitative­
ly due to Incomplete understanding of the rates of heat trans­
mission to :^ rtloulate systems and of diffusion of liquid and 
vapor through the seml-solld pasty layers often encountered 
In transition from solution to dry solid. Qualitatively, 
however, the nature of the product will be governed by several 
factors. 
First, the physical and chemical characteristics of the 
material—Its bulk density (affected by particle shape and 
unlfoirmlty), size uniformity, crystalllnlty or colloldallty, 
capacity for adsorption, heat capacity, etc.—are partially 
controlling. 
Second, the degree of atomlzatlon may be extremely Impor­
tant. The rate of evaporation of droplets Is proportional to 
their radius of curvature rather than area. Thus, as the drop 
radius diminishes, the evaporative rate rapidly Increases, as 
vapor pressure Is in turn dependent upon the degree of curva­
ture . 
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Third, the desalcant temperature, controlling the 
evaporation rate, may affect not only the drying time but the 
creation of a hollow solid particle as well through Inflation 
due to vapor pressure while still In the viscid state. 
Fourth, Increasing the concentration of the feed solution 
may yield a larger particle through the effect of viscosity on 
the degree of atomlzatlon. For example, spray drying evaporated 
milk gives a coarser, more granular, less bullcy product than 
results from the use of raw fluid milk. The latter product 
may be a powder of fine, feathery flaJces, quite bulky. 
Fifth, the solution tempearature affects the product In 
two ways, by changing viscosity s.nd In changing the period of 
surface evaporation. The latter Is Increased by decreased 
viscosity aa a result of higher solution temperature. 
There was not sufficient theoretical work at hand In 
Lewis' time to permit adequate design or control of operation. 
Indeed, empirical rules and trial and error operation still 
govern the processes of spray drying. 
Developments which had occurred In the field of spray 
drying to 1935 xirere discussed by Philip (106). The various 
devices for spraying, sources of heat and types of heaters, 
product recovery, physical properties of the product, operating 
costs, and thermal efficiencies were dealt with. Philip de­
clared that mathematical expressions for heat and mass transfer 
rates In any spray dryer. If even postulable, generally lent 
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themselves poorly to extrapolation. As a result, thermal 
efficiency, optimum chamber dimensions, olze of product dis­
charge port, location and choice of Instrumentation, etc., 
may not take on a precise value or meaning until test data 
are available from the erected, full-scale plant, 
Philip listed several generally applicable operating 
costs which are qualitatively quite ao valid now, a decade and 
a half later. Of the usual charges—initial cost of fuel, 
power, labor, supervision and overhead—the last two must be 
dealt with by the individual organization. Heat costs may be 
expected varying from almost nothing to the economical limit 
which the process will stand, based on the required tempera­
ture. The suitability of any available waste heat, such as 
stack or flue gases otherwise expended, should be investigated 
first. Exhaust steam may provide for at least partial heating 
of the dessleant, carrier, or solution. If none of these are 
available, or if clean, dry air free from combustion products 
is required, the alternative and more expensive sources may be 
found in oil, gas, high pressure steam, or Dowtherm heaters. 
Power costs are Invariably chargeable to all three of the 
following: power for atomlzatlon, for transporting the dessl-
cant or carrier gas (a major item), and those coats attendant 
with the removal and handling of the product which may be as 
little as 10 per cent of the total power costs. For example, 
for a Kestner disc atomizer, handling 100 gallons of feed per 
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hour, from 2 to 5 horsepower are required for disc speeds from 
5000 to 10,000 revolutions per minute. 
In a well-designed and properly supervised plant labor 
costs should be quite low; automatic controls are the answer 
not only to lower operating costs but to uniformity of product, 
and the advances in the field of instrumentation, occasioned 
by the last war, are now almost completely available to private 
industry. Primary distribution of labor costs must always in­
clude preparation and handling of the feed, disposal of the 
product, and such common items as plant housecleaning, 
paclcaging, loading for shipment, and others. 
The Bowen spray dryer was described briefly in a short 
article by the inventor (21). Heating the dessicant, atomiza-
tion, evaporation, dust removal, and applications were dis­
cussed. Centrifugal atomization was stressed. The problem of 
evaporation which yields a solid product of low melting point 
was taken into consideration. 
Fogler and Kleinschmldt (36) published an excellent review 
of spray drying, applications, equipment, and economics to 1937 
which discussed limiting spray chamber dimensions, use of 
vacuum, types of atomization systems and characteristics of 
the particles therefrom, and cooling effects at the nozzle as 
a result of near adiabatic expansion. A table of such cooling 
effects is repeated on page 29* No mention is made of use of 
any other dessicants than air, combustion gases, or superheated 
steam. 
Table 1. Behavior of Air, Steam, and Water In 
Nozzles Discharging to Atmospheric Pressure. 
Air Steam Water 
Kozzle 
Pressure 
Temperature 
(°F.) 
Energy 
(ft.lb.)/ 
(lb.) 
Temperature 
(OF.) 
Energy 
(ft.lb.)/ 
(lb.) 
Energy 
(ft.lb.)/ 
(lb.) (pelg.) Initial Pinal Initial Pinal 
15 
30 
6o 
90 
80 
80 
80 
80 
- 17 
- 65 
-119 
-150 
7,200 
10,800 
14,800 
17,100 
250 
275 
308 
331 
150 
113 
74 
37 
3,900 
6,300 
9,300 
11,500 
P 69 
138 
207 
135 
210 
285 
2000 
80 
80 
80 
-210 
-230 
19,400 
21,600 
23,100 
358 
392 
417 
14 
- 8 
-14 
13,400 
15,600 
16,800 
312 
485 
658 
4,600 
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The enormouB rates of heat transfer which exist In the 
two-fluid atomlRlngf systems because of the Intimacy of con­
tact and high relative velocity make available vaporization 
energy from but three sources: the Internal heat of the 
particle, that transferred from the surroundings by conduction 
and convection, and that obtained by radiation from exposed 
heated surfaces. The necessity for turbulence around the 
particle, controlled to prevent coalescence and entralnment, 
is apparent from consideration of the illustration quoted below, 
as given in Fogler and Kleinschmidt (36, p. I38O): 
As drying proceeds, the particle, if suspended in 
still air, becomes surrounded by a thicker and more 
dense layer of cool air-vapor mixture, and the rate 
of heat transfer falls off rapidly with time. For 
one per cent of water removed the steam formed la 
17 times the volume of the particle; the volume of 
air cooled is of the order of 40,000 divided by the 
temperature drop, or with air at 500® F. it will be 
approximately 100 times the particle volume. Thus, 
the first one per cent of moisture evaporated will 
surround the particle with a layer of cool gases 
equal to about 5 times the radius of the particle. 
However, even though the particle is in motion, and the cool 
layer may become greatly thinned, any cool gas film is a very 
poor heat transfer medium. 
The thermal efficiency of a spray chamber is given by 
Fogler and Kleinschmidt (36) as 
^ . 1 - (R/100)(Ti - Tg) 
Tn -
where Tq = atmospheric datum temperature, and Tg = 
temperatures at which desslcant gas enters and leaves, and 
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R s radiation losa, expressed as a percentage of the total 
temperature drop In the drying jsone. Thus, the efficiency of 
a spray process Is governed by a high Inlet and low exhaust 
temperature, recovery of exhaust heat beyond the chamber, and 
reduced radiation losses. 
Between 1926 and 1937» because of the Inherent attractive­
ness of spray processing, much work was done on Increasing 
capacity for any given cost and unit size, and on controlling 
the path of the desslcant In the spray zone. As a result, the 
English Kestner, the American Bowen Research Corporation, and 
the Peebles dryers had been standardized. All utilized 
centrifugal atomizers. 
Studies of large numbers of commercial Installations In­
dicated that the direct economics of the drying operation 
Itself had seldom been a determining factor In decisions to 
use spray drying, but that generally, the form of the product 
demanded and the physical properties and chemical stability of 
either the feed or the product dictated a choice of process. 
This viewpoint Is not uncommon In 19^ 9-
Hunzlker (53) described several spray drying systems, 
giving an extended account of the "distinctive and highly ad­
vantageous features" of the Q-ray-Jensen process, and Including 
a comprehensive list of 290 references on all phases of com­
mercial mlllc, Its chemistry and processing. 
More recently, Woodcock and Tessler (130) reported studies 
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of a cyclone-type laboratory spray dryer, consisting of a 
cylinder 2 feet in diameter, 1 foot-2 inches high, mounted 
above an Inverted cone whose vertical axis measured ^  feet. 
The maximum capacity of the pilot model was reported as 4 
liters of liquid (egg and milk solutions) per hour. No 
temperatures were given. Differences in siise, as is quite 
generally the case, prevented direct application of laboratory 
results to commercial practice. 
An issue W of Ohemical Industries reported the efficient 
spray drying of a cool aqueous solution of the reaction conden­
sate of a urea-formaldehyde resin, employing a disc atomizer in 
the range of 10,000 revolutions per minute for dispersion into 
air at about 500® F. An increased production of 500 per cent 
over ordinary methods vrats claimed. 
Ray (110) in a general discussion of drying around 19^ »^ 
devoted one section to generalizations on spray drying. Six 
types of chambers and systems were illustrated, three utilizing 
disc atomizers and three pres8U3?e nozzles. 
A more recent (19^ 6) article (10) discussed the drying of 
beer stlllage, or distillers' slops, to form distillers* dried 
grains, by means of Bwenson spray dryers. An elevation of the 
dryer system, including pretreatment of the flue gases and a 
complete layout from boiler to dust collectors, is included. 
The advantages of using flue gas directly as the dessicant in 
spray drying involve not only the obvious economics of 
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favorably utilizing waste heat, but also the lessening of 
explosion hazards through the reduction of oxygen content of 
the desslcant. 
The importance of maintaining a favorable fuel economy 
for a spray drying Installation cannot be overemphaBlzed. 
While the physical characteristics required in the product may 
often point to spray drying as the most desirable process,, the 
cost of the heat involved in obtaining such characteristics 
may be prohibitive. Methods by ^ Ich maximum fuel economy can 
be attained in spray drying have been described recently by 
Parmer and Six (33)• For example, in some cases they have 
recommended replacement of the usual cyclone collecting system 
with filter bags attached directly to the drying chamber. 
Complete economy would demand, hovever, collection of the fil­
tered desslcant and utilization of Its heat content. 
Mechanisms and physical characteristics 
of particulate systems 
The mechanism by which liquids are atomized when injected 
into, or by a high velocity air stream va.a discussed by Oastle-
vaaxi (2^ ) on the basis of Hayleigh* s theory of the collapse of 
liquid cylinders. The investigations of Sauter (ll4) and 
Scheubel (116), which were conducted independently of Raylelgh' 
worlc, were compared by application of this theory. According 
to Castleman, it is generally accepted ttat atomized particles 
result from the breaking up of unstable cylindrical ligaments 
3^ 
•which have reached a critical size. It was oonoluded that 
Raylelgh'a theory and experimental work, published in about 
1879 and conducted from a different motivation, covers present 
atomization practices. 
Holroyd (^ 9) analyzed the mechanism of atomization theo­
retically on the assumption that it was due to the turbulent 
motion of the liquid leaving the orifice. Considering a mean 
angular velocity w as having been imparted to the fluid by 
the orifice, dimensional analysis gives an equation for the 
mean drop diameter as 
D = <rd^  
1/3 
f(Re) (2) 
where D « mean drop diameter, d • orifice diameter, and p, 
(f, and u = the density, surface tension, and velocity of the 
liquid, respectively. 
The function of Re was found to act as an orifice coef­
ficient, and being constant the product of the drop diameter 
and the cube root of the injection pressure, Should be 
constant for a given liquid and orifice. 
Schweitzer (11?) presented a review of the theoretical 
considerations of the disintegration of liquid Jets, giving a 
discussion of the relation of the state of flow, laminar or 
turbulent, to Reynolds number. The theory which attributed 
disintegration solely to air friction was disproved by in­
jecting into an evacuated chamber, resulting in pronounced 
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break up and wide dispersion. Neither was It proved, however, 
that disintegration In a vacuum Is controlled by the Reynolds 
number. 
Disintegration was observed to be accelerated by Increas­
ingly dense air, by Increased turbulence, and to be affected 
decisively by viscosity, much less by surface tension, and 
greatly by nozzle construction and smoothness. At low Injec­
tion pressures (range not given) surface tension was found to 
have a greater effect In the case of rough nozzles than with 
smooth. 
Lapple and Shepherd (7I) have described the motion of 
small bodies In any particulate system Involving two-
dimensional movement In a gravitational field. For spherical 
particles In streamline motion the change In velocity of the 
horizontal component Is given by 
viiere Uj^  and uy = horizontal and vertical components, respec­
tively, of velocity In feet per second, p and /Jg = densities 
of the fluid and of the particle In pounds per cubic foot, 
0 = drag coefficient * 2F/(^ u2 A), where P Is the frlctlonal 
force In poundals, g = local acceleration of gravity, and 
(3) 
and of the vertical component 
(^) 
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D = partiole diameter in feet. 
The integrated form of Equation (3) from zero time ie 
.2 
h^ = 18 ln(u„/u) (5)  
and of Equation (^ ), for the vertical component 
V = 18// 
,2 1 
In \ (6)  
where u^ j « the free falling maximum velocity In a gravitational 
field, or 
® ISyU 
Equations (3) through (?) involve only streamline motion, 
or Re = 0.0001 to 2.0. For turbulent motion, when Re = 500 to 
200,000, Equation (3) ie appllcahle for the horizontal compo­
nent if 0 1B set equal to 0.44 in the general equation 
3.03 fig B 
- ^ 
and for the vertical component 
1 1 
u u« 
(8)  
t = 
2 /"u m 
In 
\um - u/luni + Uoj 
(9) 
where ~ 0.33^ /^/>b »^ ''^ m becomes 
Um » 1.75 
e i P a  - p ) ^  
P 
(10) 
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One of the prerequisites for the essentially complete 
desolventIzation of the miscella particles is that the largest 
particles shall stay in the stripping medium for a time suffi­
cient to allow such action to approach completion. Thus, the 
obvious use of these and similsr equations given elsewhere is 
in calculation of estimated spray chamber dimensions from the 
theoretical trajectories. The time factor, required for cal­
culation of these trajectories, is in turn obtainable from heat 
and mass transfer calculations for the evaporating particle. 
Such calculations of chamber dimensions provide only the 
roughest approximation of the actiml requirements of the prob­
lems presented in this work, due to the existence of strong 
eddy currents in the system. These swirling disturbances, 
which upset fulfillment of a theoretically determined trajec­
tory, begin as close as six Inches from the nozzle and become 
more violent with increasing departure from the point of 
atomization. 
Further hindrance to exact use of the above equations is 
encountered with the certain occurrence of agglomeration or 
coagulation. This phenomenon is commonly found when the par­
ticles are extremely fine and exist in dense concentrations. 
Obviously, the immediate results of such formation include 
higher settling velocities and smaller deceleration. 
A relation esqpressing the terminal velocity of a freely 
falling particle has been given by Blizard (I7) as 
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u = 
D 0-9 
Z2-
0.27 
/'gJ 
0.44 
(11) 
where u = terminal velocity In centimeters per second, Dp = 
particle diameter In microns, V » kinematic viscosity of the 
gas In c.g.s. units, = density of the particle in e.g.a. 
units, and pg ^  density of the fluid, referred to air « 1. 
The determinations were made from observations of particles of 
powdered coal falling in air or a viscous fluid. 
Particle size measurements of an atomized oil used as an 
insecticide carrier were obtained by Burdette (23) by allowing 
the particles to impinge upon a glass slide coated with a 
liquid soap solution. Their spherical form was maintained by 
immediately talcing on a coating of thin soap film which made 
the particles available to count and measure microscopically 
while the soap remained liquid. A compound microscope fitted 
with an ocular micrometer was used. The ocular micrometer was 
calibrated with a stage micrometer to read in microns. Oculars 
with magnifications of 10 and 25X were used with 16-, 8-and 4-
milllmeter objectives. 
Burdette pointed out that the particle size varied in­
versely with the pressure but that for any pressure, or rate, 
an approach to the normal distribution was obtained. As a 
means of observing the pattern of distribution, it was found 
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that nonyllc acid In culture dishes, placed at points beneath 
the spray, served to absorb the spray particles without Itself 
evaporating. The ultramlcrosooplo and more slowly-settling 
size ranges were estimated gravlmetrlcally by means of a 
similar scheme. 
Merrlngton and Richardson (89) observed the performance 
of the breaklng-up of liquid Jets of eleven compounds atomized 
from a nozzle into the atmosphere. The liquids Included a 
soap solution, carbon tetrachloride, methylene chloride, mter, 
and glycerine and were sprayed from the top of tovrers 50 to 125 
feet high. Drop sizes were determined by absorbing the drop­
lets on blotting paper, establishing the relation between the 
stain diameter and spherical diameter by linear extrapolation 
of the ratios produced when larger easily measurable single 
dj?ops were pipetted onto the paper. This relation was found 
to vary linearly with drop size, except for very small drops. 
The existence of three phases or states of form in pro­
gression from the nozzle to individual drops was confirmed. 
In the first state Inertia and surface tension produce a Jet 
which la varicose in form; second, the jet may assume a sinuous 
state In which, obviously, the resistance of the air to flow 
of the resulting humps exceeds the effect of surface tension; 
third, in high velocity Jets, complete disruption occurs al­
most immediately, the break-up being controlled by inertia 
and viscous forces. Critical velocities were claimed for 
each of the three types of break-up. 
il-o 
Merrington and Rlcbardson concluded that turlJulence 
within the Jet Initiates the atomization but that It is final­
ly controlled "by air friction. An empirical expreefslon vas 
derived from logarithmic plotting of the data, expressing the 
relation between the relative velocity V, between the Jet and 
the Burroundlng air, the mean drop size d, and the Icinematic 
viscosity 1^ . 
Vd/x^ '^^  = 500 <12) 
where V = meters per second, d « millimeters, and ~ square 
centimeters per second. The authors vrorked with drop sizes in 
the range from 0.2 to 1 raillimeter, precluding only rough 
application to the writer's data. 
Nuklyama and Tanasawa (93» 95» 9^ , 97» 98) published 
the results of their experiments on the atomlzatlon of liquids 
by means of an air stream (1937-1939)• They maintained that 
the fundamental properties of atomizing action applied equally 
well to both air-impelled Jets and liquid pressure sprayers. 
By means of photomicrographs which recorded the reception 
of the sprayed drops by a slide coated with a special oil, it 
was concluded that the ratio of the quantity of air flowing to 
the quantity of water atomized, Qg^ /Q^ , affects the resulting 
mean diameter dg of the particle rather than water velocity, 
water orifice size, or the nature of Its flow. It was also 
found that for in excess of 5,000 the value of dj, became 
constant for a constant air velocity. 
For variations In the relative velocity u (= % - Uv)» 
and Qg/Qw greater than 5»000, the mean drop diameter was ex­
pressed by 
d^  = 5,300/u (13) 
where d^  = microns and u « meters per second. The constant 
was applicable only to water, differing with liquid properties. 
VThlle the above relation held for water atomized at the 
throat of a convergent nozzle, similar analyses carried out 
for a sharp-edged orifice showed 
fi© ® 3»^ 00/u W) 
or, apparently the latter produced a finer degree of atomlza-
tlon (9^ ). Note that the relative velocity for the sharp-
edged orifice Is 
" - ^ (15) 
where Cq Is the coefficient of contraction, say 0.6^ , and u^  
Is the true air velocity at the vena contracta, 
Ua » Qa/oc(0.785 dI) (16) 
Nuklyama and Tanasawa (95) further developed a relatively 
simple expression for the distribution of different drop sizes 
at an arbitrary point In the spray. 
(dn/dx) = ax^  (1?) 
2^ 
where a, b, P, and Q, are constants and x Is the mean diameter 
of dn drops in the rang© between (x - dx/2) and (x + dx/2). 
For « 150 to 300 meters per second and 0^ /0^  gi'^ ater than 
5000, It was found that the exponents P and Q become con­
stantly 2 and 1, respectively. Therefore, If n Is the total 
number of drops counted 
The value of Q diminishes from 1 for lesser values of u^  and 
For three sets of conditions, the authors obtained the 
following analytical solutions of the distribution equation. 
In all cases, greater than 5000. 
1. Ua • 331 m./sec., u^  • 4- m./sec. 
These authors further derived an eacpresslon (96) for the 
mean drop diameter as 
where d^  = diameter In microns of a single drop having the same 
volume-surface ratio as the total sura of the drops, u = 
(dn/dx) = 0.5 nb3 x^  e~^ * (18) 
dn = 98x^  g-0.27x 
2. UgL = 28^  m./sec., u^  = ^  m./sec. 
dn = 112x2 e-0-2^ x 
3. u^  = 222 m./sec., u^  = 4 m./sec. 
dn « 28x2 g-0.19x 
(1000 Cij^ /Qa)^ *^  (19) 
^3 
relative velocity In meters per second, p * liquid density 
in grams per cubic centimeter, (T* liquid surface tension in 
dynes per centimeter, jJ - liquid viscosity in dyne-seconds per 
square centimeter or poises, = quantity of air In cubic 
centimeters per second, and = quantity of liquid in cubic 
centimeters per second. Ranges of conditions over which the 
above equation holds include between 0.8 and 1.2, (T between 
30 and 73, and jJ between 0.01 and 0.3* 
The empirical relation was extended to other conditions 
for gasoline, alcohol, and heavy oils to give 
1. Gasoline; /> = 0.733# CT^  19.8, = 0.00^ 9 
do » (30^ 5/u) + 30(1000 
2. Ethanol: /O » 0.795, (F ^ 2^, fJ =0.012 
do - (3180/u) +>2(1000 %/Qa)^ '-^  
3. Heavy oil: p — 0.9, CT ^  29» — 0.5 
do = (3320/u) + 210(1000 
all at a temperature of 20° G. 
Note in Equation (19) that for the ratio 0®,/% large, drop 
size is mainly governed by /\iTp~ $ or, the viscosity is of 
minor importance. But at lower values of surface ten­
sion has slight effect and the drop magnitude is governed by 
In their fifth report (97), Nukiyama and Tanasawa dis­
cussed continuous photographic studies carried out on the 
effect of a gradually increased air rate. The same progressive 
/+i{. 
stages were observed for all the various liquids used; drop-
wise destruction of the Jet occurred at low values of 
twisted rltobon-llke atomlzation at higher rates, and at still 
higher values of fllmwlse atomlzatlon was noted. Photo­
graphs and a complete description of each stage are given In 
the original Japanese article. 
Orossed-flow types of atomizers are discussed In the 
authors' sixth report (98), concluding that, compared with 
the parallel types such nozzles are less economical In air 
consumption. 
In a recent article Lewis et al. (77) discussed both 
gas- and liquid-pressure atomizing nozzles, presenting analy­
ses of the eraplrioal relations of Nulsiyaina and Tanasawa Just 
discussed. Further discussion of the procedure In using 
Equation (17), repeated below for convenience, is given which 
should prove helpful to the reader. 
Q 
dn/dx = e"^ * (17) 
As P Is invariably equal to 2, rearranging Equation (17) 
and talcing logs of both sides results In a form which lends 
Itself more readily to the analysis of experimental data. 
log (-ir ~) = log a - (20) 
Hx 2.303 
It Is apparent that If a plot is made of log (•— ~) against 
dx 
a straight line of slope b/2.303 should result. The 
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exponent Q le determined meet qulclily "by trial and error plots 
of X raised to arbitrary trial powers until that one Is found 
which most nearly yields a straight line. Then, knowing b, ft, 
and a, by means of the authors' Table 1 the value of d^ , Is 
obtainable. 
Lewis and his oo-authors believe this determination of 
the average drop diameter to be more accurate than some average 
value obtained from a summation of volumes and areas taken 
directly from a drop count. A sample analysis Is tabulated In 
Table 4 in their article. Indicating the procedure to be fol­
lowed In working with Equation (20). 
Data taken from Houghton's (50) work with hollow-cone 
hydraulic spray nosales were worked up In the above manner and 
gave quite good agreement between values of d^  calculated from 
the original data and from Equation (19). 
An ingenious method of ascertaining the size of droplets 
dispersed In a gas was extended by Stoker (125) In which the 
droplets are allowed to impinge directly upon a surface coated 
with a thin layer of soot, creating disturbed areas. The 
relation of any disturbed area to the diameter of the sus­
pended particle ^ Ich caused it was developed as 
d = 1.25 d'  ^ .... 
rj2_du2__xl/6 
^ <r ' 
where d = droplet diameter, d' « soot disturbance diameter, 
u » impingement velocity of the particle, and  ^= droplet 
surface tension. The denominator of the expression le known 
as the Weber number. Note that the error In droplet diameter 
will not exceed one-elxth the error In the measured value of 
this group. 
Stoker used as an escperlmental target a i;-lnch by ^ ~lnch, 
soot-coated, glass slide. Enlargements of 200 times were 
necessary before correlations could be made. As an example of 
the use of the above relation, for water at 6o® P., Impinging 
with a velocity of 25 feet per second, It was deduced from 
measuring the soot disturbance that the value of d must be 5 
microns for the velocity employed. The Weber number In this 
case would be about four. 
Dealing with a binary mixture such as mlacella rather 
than, for example, pure trlchloroethylene, the surface tension, 
density, viscosity, and the velocity of the Impinging particle 
all obviously depend upon the amount of evaporation \Ailch has 
occurred. 
Based upon techniques developed by the Asiatic Petroleum 
Company, Ltd., and data therefrom, size distribution of 
sprayed droplets was found by Probert (109) to conform to the 
Hosln-Re-mmler relation 
R = 2^2) 
where R = volume or weight fraction of the spray composed of 
drops greater In diameter than x, x = a constant (dimensions 
of diameter) called the "size constant," and n = a constant 
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(number) called the "distribution constant" whose value lies 
between 2 and 4 for moat sprays. The constants x and n com­
pletely define any spray. 
Probert assumed that evaporation of droplets proceeded 
according to the diameter, not (diameter)^ , of the particle, 
as expressed by Maxwell for evaporation In still air, 
E = .  (23) 
Above, r = drop radius, E » rate of evaporation, D = diffusion 
constant, K = a constant depending on air temperature and den­
sity, p-j^  = saturation vapor pressure at the surface temperature 
of the particle, and p^  = vapor preesure of the siu'roundlng 
air. 
For any given volume of liquid, evaporation will occur at 
the maximum rate when the sum of the diameters of all the drops 
is at a maximum. In any system containing drops of many sizes 
it is possible to define a mean diameter as that of the drop­
let which evaporates at the same rate per unit volume as the 
aggregate rate per unit volume of the liquid. Evaluation of 
the mean diameter is based on the assumption that there exist 
several groups of drops, each group containing several drops 
of nearly equal size. 
If d and v are the diameter and volime of individual 
drops, and Vj^  a small volume fraction of the spray which con­
tains drops of dlBimeter approximately d^ ,^ then the mean 
diameter d^  la derived to be 
a„ = [Z V/ I(v„/d|)] ^  (2^ )^ 
or, for unit volume of the spray, 
a, = [i/IK/ag)]^  (25) 
If the elze distribution Is known, then, calculation of 
the mean diameter proceeds readily from Equation (2^ ), and, 
hence, the rate of evaporation of the entire ^ ray. 
It must be pointed out that the above analysis has dealt 
only with the Injected gpray and the Initial rate of evapora­
tion, and bears no obvious relation to the evaporative rate 
some time after Injection and ensuing evaporation. Equations 
have been derived and graphs constructed therefrom which con­
firm the following apparent anomaly. A small value of n In 
Equation (22) gives a high initial evaporative rate because of 
the correspondingly small mean diameter. But after about 75 
per cent of the injected spray has vaporized the effect of n 
is Inverted and the rate of evaporation becomes slower for 
small values. In general, then, x should be as small as pos­
sible and n large for quick evaporation of the entire volatile 
component of the spray. 
The effect of viscosity changes on the spray character­
istics of oils and on nozzles of the type which utilize 
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ordinary fuel oils was studied by G-lendennlng, Black, Ventres 
and Sullivan (4o) for oils whose viscosity varied between 3^  
and 118 seconds Saybolt Universal at 100° F. Contrary to the 
reports of others included in this survey, these workers con­
cluded that viscosity influences nozzle capacity, spray angle, 
degree of atomization, and flame characteristics to a degree 
which defines the viscosity factor as one of the most impor­
tant of fluid chairacteristics. 
The work of the English investigator Doble, as reported 
(7) in 19^ 5, was one of the first attempts of any merit to 
prescribe the construction of a spray nozzle to meet definite 
demands as to output, pressure, and dispersion. The nozzle 
assemblies studied consisted of a vortex chamber, possessing 
adjustable orifice plates, which the fluid entered tangentially 
through two diametrically opposed ducts perpendicular to axis 
through the chamber and orifice. Correlation of test data 
pointed out that below 100 pounds per square inch, at least, 
the ratio of gallons per hour of fluid delivered to the square 
root of the pressure, V/(P)^ , was approximately a constant, K, 
whose value was related to the values of the transverse area 
of the tangential ducts x, and to the orifice diameter y, 
according to the simple relations K « mx + c and K « ny + d. 
These may be combined, as in the case of the nozzle studied, 
to illustrate the application of Doble's correlation. 
K • (7xy - 5x + 28)/35 (26) 
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Thus, It Is seen, correlation of the factors, V, P, x, and y 
is presupposed. 
Doble also described an ingenious collecting cell for 
obtaining the atomized droplets in a form lending themselves 
to accurate photomicrography. When water was used as the test 
fluid, easily spaced individual cells contained a thin layer 
of castor oil over a vaseline smear. To obtain an overall 
picture of the simultaneous distribution of droplets a one-
inch strip of photographic paper, covered with a 2-mm. layer 
of castor oil, in a specially hooded container was placed 
across a diameter of the spray. Obviously, the preparation of 
the cell and spraying were performed either in light which was 
photographically "safe,'' or in darkness. After collection of 
the drops, the assembly was exposed to a photoflood lamp Trtxich 
produced images of each tiny droplet on the film beneath It. 
Doble confirmed the work of earlier investigators in 
showing that the fineness of atomizatlon, or the number of 
particles produced, actually increases with Increased orifice 
size, to a limit. In other words, as large an orifice as 
possible is required to produce psirtioles of the lowest aver­
age size, maintaining, however, the rule that V/(P)^  « K. 
Doble (29) later extended his treatment of nozzle design 
from the initial range of 4 to 200 gallons per hour on up to 
1800 gallons per hour. Nomographs were prepared which re­
lated the volume delivered V, pressure P, orifice diameter y. 
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tangential channel diameter d, and constant K. Thus, for a 
required volume and pressure, K la determined from the ratio 
V/(P)^ . Then, selecting the inner and outer cone angles de­
sired—the treatment concerns hollow-cone nozzles—the values 
of d or y may he specified. Further use of nomographs yields 
an optimum value of y or d. 
Empirical formulae derived in the two preceding references 
were explained on the basis of well-established cyclone formu­
lae by Doble and Halton (30). Nozzle designs may be carried 
out on the basis of an initial selection of suitable values 
for two ratios, 0 and 
i6 - n /Vt - spinning speed at inlet radius >10 
1" - "1/ 1 - inlet velocity 
and 
H /ft s mean inlet radius v  ^« 
2 "" exit radius 
where the initial velocity V refers to the linear speed of the 
fluid through the tangential channels leading into the vortex 
chamber, and to the rotational velocity in the chamber. 
The radius of the chamber is denoted by and of the exit 
orifice by R2. 
Preliminary calculations may necessitate adjustment of 
the values of the ratios to conform to more suitable nozzle 
dimensions. One other limitation which might require such 
alteration Is in the value resulting for the ratio of the 
orifice film thiclcness to the exit radius, or t/Rg, >diich 
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should be less than 0.5- However, having finally obtained 
proper values for these ratios, the required dimensions of the 
nozzle may be approximated from the several formulae given. 
Coble's work shows considerable promise and Is commended to 
further Investigation Into attempts to d-eslgn nozzles for 
specific applications. 
No literature review whose content Includes references to 
the principles of atomlzatlon should fall to regard two rather 
fertile sources. These are the technical reports, memorandums 
and notes of the National Advisory Committee for Aeronautics 
from the Langley Field Memorial Laboratory In Virginia, and 
the Engineering Experiment Station bulletins from Pennsylvania 
State College. Although many of the tests and data reported 
from these sources are ooncerned vrlth atomlzatlon pressures as 
high as 8000 pounds per square Inch, ample material was found 
applicable to the desolventlzatlon problem, either directly or 
after sifting and modification. 
Two valuable reference lists from the Langley Field group 
may be consulted. Researches conducted on fuel Injection 
theory, principles, and systems covering a period from around 
1920 to 193^  are presented by Lee (73)» 'who Includes many 
spray photographs with adequate sketches of the corresponding 
nozzles which produced the sprays. The effects of several 
variables, such as Injection jjressures, chamber air density 
and nozzle construction, on tip penetration and spray pattern 
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are discussed and Illustrated. Several of the references 
cited, as well as other articles In this field, are abstracted 
in follovii^  paragraphs. 
The second list of National Advisory Committee for Aero­
nautics publications issued December 31, 19^ 7» groups those 
from 1915 to 19^ 7 In all fields of research. 
A high-speed spray photographic apparatus, capable of 
recording a series of pictures of the growth of oil sprays, 
was assembled at the Langley Memorial Laboratory during the 
period from 192^  to 1927* With this equipment exposures on 
the order of about one-millionth of a second were possible at 
the rate of several thousand per second. Since 192^ i then, 
almost all researches on atomization and nozzles have been 
examined by this photographic recorder, or later modifications 
thereof (14), 
Lee (72) reported the results of a series of measurements 
of atomlzation and fuel spray distribution made in 1931 to 
investigate the effects of nozzle design and operating condi­
tions on fuel sprays. Four different test nozzles were used 
to inject the fuel into a small chamber filled with compressed 
air to reduce the rate of travel of the drops. A carefully 
prepared, soot-covered glass slide received the falling par­
ticles, which were then subjected to microscopic examination 
(50X). The impressions in the soot enabled estimation not 
only of drop size but also of distribution. 
5^ 
Lee drew several conclusions from these teats. Uniform­
ity of atomization and the minimum mean drop size are obtained 
as the result of increased velocity through the nozzle and 
reduced orifice size. The density of the atmosphere into 
which the fluid is injected has little to do with the atomi­
zation; if to any extent, atomization is favored "by lower 
chamber densities. 
The use of a smoked plate to record drops was advanced 
by Kuehn (68) in his study of the effects of injection pres­
sure and nozzle design on atomization. Miorosoopic account­
ing of the plate afforded an approximation of particle distri­
bution and mean size. 
Sauter (113» 11^ )» who pioneered (Jerman work in the fuel 
injection field, investigated drop size and uniformity in 
internal combustion engine mixtures, Including the lighter 
carbureted types. Average particle sizes were calculated from 
the photometric diminution of light passed transversely through 
widely dispersed sprays. A method of calculation was also 
proposed which utilized measurements of the amount of electrical 
energy carried from a charged nozzle by the spray in unit time. 
Sauter (115) described the equipment with which he 
carried out deterrainations of the fineness of carbureted gas. 
In principle, as he earlier wrote, the data depended upon the 
diminution in intensity of a beam of light passed through 
ports contained in the pipe downstreeun from the carburetor. 
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The volume rates of flow of the air and fuel, the transverse 
pipe area, and the Initial and final beam Intensities were 
required to estimate the mean particle radius, for which 
equations are given. 
Microscopic Investigation of drops adsorbed on glass 
slides coated with a 30 per cent solution of a tanning extract 
Queol D, In distilled water afforded data reported by Woltjen 
(129) In 1925. His Investigations also attempted determina­
tion of the factors affecting atomlzatlon resulting from fuel 
Injections Into a steel bomb holding compressed air. 
Hausser and Strobl (45) In similar work used a glycerine 
coating on their slides, T^ hlle Sass (112) employed pools of 
glycerine. The value of Sass* work Is questionable, as Sauter 
admits, "... considering the limited degree of accuracy 
attainable In the deteralnatlon of the mean size of the drops. 
A quick method for determination of droplet size was de­
scribed in 1924 by Hausser and Strobl, which consisted of 
flashing a glass slide, coated with glycerine or some suitable 
oil, through the spray after which the droplets could be 
counted and measured mioroscopically. Information from such 
investigations enabled plotting of frequency curves of the 
numbers of drops of any particular radius. 
Heubner (47) commented on Hausser and Strobl's method the 
following year, showing that certain quantitative relations 
involved in sprays were Indicated by the procedure. The 
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sedimentation method for drop size comparison in different 
aerosols was suggested. 
The second valuable reference source mentioned earlier, 
the bulletins of the Pennsylvania State College Engineering 
Experiment Station, are perhaps best typified by one (118) of 
several authored by Schweitzer and co-workers. It was shown 
by mathematical correlation of data that the depth of pene­
tration of a spray after time t, from initial injection, and 
at a pressure p, is given by 
s = t(p)^  (27) 
where s = Inches of penetration, t = seconds, and p = pounds 
per square inch. 
The effect of the orifice diameter d may be noted if plots 
of s/d versus t/d are obtained. Thus, the data from one nozzle 
may be reasonably extrapolated to another from the derived re­
lation that 
s/d = f(t/d) 
And, since penetration is related to chamber air density by 
8(1 + p^ ) - f(t^ a) 
•> 
T^ ere p b, ~ density relative to the atmosphere, the combi­
nation of these relationships gives 
s/d|i + • f r(t/a)Va//.o)(^ P//'o)^ ] <28) 
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In which Po ' Bpeolflo gravity of the fuel relative to water 
and Ap • pressure drop In pounds per square Inoh. 
Equation (28) has shown wide applicability In the corre­
lation of data obtained by several Investigators under widely 
varying conditions. Evidence tha.t the effect of viscosity Is 
not great—Equation (28) contains no viscosity factor—Is 
offered by means of two analytical relations developed from 
Schweitzer's equation. The first correlates data for oil of 6 
centlstokes viscosity and the second for 13.5 centlstolces. 
Note the small dissimilarity. 
( = / ^ ) =  2 2 6 5  i n  ^  I .i j  ( 2 9 )  
and 
= 21*90 In (30) 
115.5 a \lp^  
Concerning the motion of a single particle Injected Into 
still air, Schweltaier Illustrates the tremendous deceleration 
undergone within an extremely short distance. For example, 
consider that a particle of about 25 microns diameter and 
weighing 6.95 X 10"^  grams, Injected at an Initial velocity of 
2^ ,200 centimeters per second Into still air which has a re­
sistive force of 10.5 dynes, suffers initially a deceleration 
of 1.5 X lo9 centimeters per (second)^ , or about 1,530,000 
times the acceleration of gravity. Were such effects main­
tained, 1/62,000th of a second would see the particle at rest. 
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However, since the particle is moving in the region in which 
the air resistance varies as the square of the particle velo­
city, it can be shown that 90 per cent of the initial velocity 
is lost in about 0.00015 seconds, vftiile traveling only 3/8th 
of an inch. 
It must be remembered that the foregoing has dealt with 
the action of a single particle. Continuing on the same basis 
of calculation, analyses can be prepared which show that suc­
cessful Diesel injection is a nonexistent phenomenon. Ob­
viously, such a ridiculous result stems directly from the 
failure to consider the group effect of the particulate system 
as a whole. Schweitzer presents a graphical analysis which 
does fit the case of injection into pressure regions of parti­
cle clouds. 
Velocity versus distance curves are practically straight 
lines for injection into chambers at atmospheric or reduced 
pressures as in the case of the desolventization of miscella. 
By reason of this fact the spray deceleration must be propor­
tional to its velocity. Hence, even though particle velo­
cities of 1000 feet per second may prevail, the spray motion 
must be in the Stokes region, and therefore in laminar flow. 
At 25 inches of Hg vacuum, the velocity curves are perfectly 
straight, indicating that deceleration at reduced pressure is 
entirely independent of air density. 
Summarizing Schweitzer's important article, a procedure 
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for calculation of spray penetration and velocity Is set down. 
First, the Initial velocity Is calculated from the relation 
Uq = 0.95(2g/ip/^ Qj^ 3^ )^  (31) 
T'jhlch may he plotted versus p or Ap for several liquid densi­
ties. Second, If the chamber pressure Is above atmospheric, 
the Instantaneous velocity u at a distance d from the orifice 
Is given by 
u « u^ e (32) 
If, however, atmospheric or reduced pressures prevail, remember 
that the variation Is linear, or 
u • ms + 0 
where the slope m and the Intercept C must be determined by 
e:q>erlment. 
In the case of atomlzatlon of solutions of volatile sol­
vents In which the nonvolatile component Is In the liquid 
phase, diminution of particle volume by evaporation might pre­
sent some challenge to these calculations. For example. In 
the writer's work the ultimate In performance would effect a 
reduction In volume of 70 per cent. The effect is not ex­
erted alone In the reduction of surface presented for heat and 
mass transfer, but perhaps to a greater degree In the decrease 
In density suffered by the particle. Solvent of specific 
gravity 1.^ 6 Is lost, leaving oil with a value of only 0.93. 
6o 
Decrease in mass or volume, however, within the range of the 
Investigations, say 10 to 200 microns, probably has but slight 
effect upon the velooity-dlstanoe relation at low or reduced 
pressures. 
Schweitzer co-authored an earlier bulletin (6^ ) with 
de Jubasz and Zahn which presented quite a complete discussion 
on the formation and dispersion of oil sprays. According to 
the authors, formation Is controlled by three sets of factors: 
the fuel factors (pressure, density, compressibility, vis­
cosity, and surface tension), the nozzle factors (size and 
shape of the channel and aperture), and the combustion air 
factors (density, temperature, viscosity, and the state of 
turbulence). 
Reference (6^ ) Included a section on drop size determi­
nation, abstracted from the Master's thesis of Lieut. Joseph 
P. Thew, tJ. S. Navy, which considers various liquids used to 
catch and hold the droplets for later photomicrographic analy­
sis. The most satisfactory of the several mediums was the 
tanning product Queol D, previously used by Woltjen (129)* 
This material vifas obtained from the Kolonlal Parbstoff-
gesellschaft, Karlsruhe, Germany, and used in solution with 
distilled water in the proportion 35 per cent Queol to 65 per 
cent water. 
Appendices review the mechanism of disintegration, dis­
persion considered as a phenomenon of probability, dispersion 
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In fuel Injection engines, and a list of 5^  briefly abstracted 
references •which are recommended. 
The foremost methods for the study of oil sprays were 
given by Joachim (57) as: Injection Into the atmosphere, Into 
liquid, onto targets, Into cold compressed gases. Into heated, 
compressed air, and Into actual engines. The method of the 
National Advisory Committee for Aeronautics, Injection Into 
cold compressed gases, and attendant equipment, are discussed 
at some length. 
De Juhasz (63) has shown that the evenness of dispersion 
Increases with Increasing Injection pressures, decreasing oil 
viscosity, and increasing air density. The cone angle of 
pressure nozzles Increases with Increasing pressure, increasing 
air density, and decreasing oil viscosity. 
Houghton (51) described a method and apparatus for the 
microscopic examination of fog particles on a greased glass 
slide, with the aid of dark field Illumination. Particle 
size distribution curves were obtained which showed one maxi­
mum for each sample, and which occurred at multiples of the 
value 3.1 microns. Later investigations showed that this 
phenomenon of multiples of maximum diameters was entirely 
accidental. It was also observed that the transmission of 
light through fog was dependent on the size of the particles 
and the size distribution, as well as on the number of 
particles per unit volume. 
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The relation "between the radius of the adsorbed droplet 
on the greased slide and the true spherical radius of a drop 
having the same volume was determined from the relation be­
tween the angle of contact formed by the flattened drop and 
the slide surface. For an average angle of ^ 2 degrees the 
relation given was 
w^ re R = radius of the true spherical drop, and r = observed 
radius on the slide. 
The evaporation of small spheres or droplets under 
conditions which prevail In a spray dryer Is only sparsely re­
ported In the literature. However, several articles which 
have some bearing on the subject are abstracted In the follow­
ing pages. 
In 1909» Morse (91) observed during the course of deter­
minations of weight-time relations on small Iodine spheres 
that the rate of evaporation from a spherical particle occurs 
as a function not alone of the surface but varies Inversely as 
the particle radius. Excellent agreement with observed data 
was found In the expression 
R » 0.533r (33) 
Rate of evaporation of droplets 
(3^) 
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where and 102 are the Initial and Instantaneous masses, at 
times tj^  and t2, respectively. 
The rate of evaporation of small spheres was observed "by 
Topley and Whytlaw-Gray (127), using a fine silica spring 
balance contained in a thermostatically controlled chamber. 
Suspended from the balance was a tiny sphere of resubllmed 
iodine, chosen for these experimental studies because of its 
conveniently low rate of evaporation. 
The equation obtained as a result of analytical correla­
tions relates the surface area at time t to the diffusion co­
efficient, according to the following integral relationship. 
where S s surface area, square centimeters, at t seconds, 
VQ = radius of a spherical shell of absorbent, D = diffusion 
coefficient of the vapor, grams per square centimeter per 
second at total pressure of P dynes per square centimeter, 
T = absolute temperature, R = gas constant, ergs per M = 
molecular weight of the vapor, ^  s density of the sphere at 
T® K., and p = saturation vapor pressure, dynes per square 
centimeter. 
It was shown that plotting a - (3^)^/(3rQTri) against t 
should yield a straight line whose slope determines the 
/ 
3, 
9. 
® <*2 - ^ 1' '35' 
2 
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dlffuBlon coefflotent, D. The self-dooling of the drop may he 
treated as follows. 
The difference between the absolute temperature of the 
absorbent and the sphere, In degrees K., la given by 
" ®1 " )/(RT2^ ) (36) 
where A = latent heat of evaporation of the sphere, calories 
per gram-moleoule, and k = specific conductivity of the gas 
through which diffusion occurs. The above relation Is valid 
only for email values of p/P. 
Again, If the ratio p/P Is small the factor P Ihj^ j^  -^ p/pj 
may be talcen equal to p. The diffusion coefficient would then 
be obtainable from the following simplification 
3 -
^ ' 0  - I =  & M M  ( D p )  »  j S / d i j  -  t i )  
tj-tj 
(37) 
If no account was taken of self-cooling. But, rearranging and 
adding heat factors, according to the derivation, 
.  ^^ <38) 
t2 - ti 8 Mk RTg k 2 1 
results from the previous equation. 
Thus, to evaluate D, correcting for self-cooling, the 
e3cperlmental relation between and t must be plotted to ob­
tain Dp, Using this product, T2 - T^  may be found as above. 
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Finally, using the value of p correct for recalculate D 
by means of the same equation. Unfortunately, the only sub­
stance with which the authors were conoernefi was iodine whose 
vapor pressure at 30® 0. is less than 0.5 millimeters. They 
profess to the general applicability of the fundamental re­
lation, however, 
Gudrls and Kulllcovja (^ -3) diecussed the evaporation of 
small drops of ^ raiter. A droplet, surrounded by saturated 
vapor at a pressure pj^ , tends to evaporate because its vapor 
pressure is greater than that of water on a plane surface under 
the same conditions, or at p^ . Despite the rapid initial rate 
of evaporation, the process Just as rapidly decreases, al­
though the factor (pj^  - p^ ) increases. The authors' investi­
gations led them to believe that the evaporation of water 
drops in various gases depends largely on the absorption of 
the gas by the drops. Observations of the rate of evaporation 
under different pressures shov/ed that reduction of the vapor 
pressure above the drops could be effected to a value less 
than Pq for a plane surface, at which point the drops in­
creased in size rather than evaporating. 
If solvent exists in the gaseous state before atomizatlon, 
or release from the spray nozzle, the discussion by Wadlow 
(128) regarding the effect of variable specific heats upon the 
velocity generated and the temperature drop In gases expanding 
through nozzles may prove of value. 
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An equation giving the velocity generated by a gas in 
dieoharglng adlabatlcally from a region of high pressure to a 
lower one, considering the increase of specific heat with 
temperature, is given with adequate proof for air, oxygen, 
nitrogen, carbon monoxide and dioxide, hydrogen, and steam. 
v2 » 2g <39) 
where the relations between specific heat and temperature are 
Cp = A + ST 
Oy = B + ST 
Similarly, if the relations are 
Cp s= A + ST + S'T^  
Cy = B + ST S'T2 
the equation becomes 
V2 = 2g [-aCTj^  - T2) f(T| - t|) i- |^ (tJ - t|)J (^ 0) 
e^re V = velocity generated, feet per second, g =32.17 feet 
per (second)^ , Cp = specific heat at constant pressure (and 
Oy at constant volume), foot-rpounds per pound per °C., and 
and ^ 2 = initial and final temperatures, °K. 
The difficulty measitt'ed Tg is shown to be 
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where cx = s/A, from the epeolflo heat relation, and 
1 - m 
X 5= (P2/Pi) » where and are Initial and final pres­
sures, pounds per square foot, and m « A/B. 
Houghton (52) studied the evaporation of small drops of 
water, varying in diameter from 25 to 2000 microns, In the 
course of some work on fog dissipation. The dependence of the 
evaporation rate upon the diameter rather than the surface was 
confirmed. Plots of drop size versus the cumulative time of 
evaporation follow a parabolic function which may he expressed 
as 
da/dt = (2/7ra2)dV/dt (^ 2) 
where da/dt = rate of change of diameter, and dV/dt « rate of 
change of volume. If the fluid has a density equal to p , the 
equation becomes 
/?(da/dt) = - ^  (Do - ^^ 3) 
where Dq and D are vapor densities at the surface of the 
sphere and out In the bulls: of the gas, and Ic * diffusion co­
efficient. 
Integrating, letting a^  be the initial drop diameter and 
yo = 1.0 for water, 
a2 = a2 - 8k(Djj - D)t (^ )^ 
which is the parabolic relation first mentioned. If T is the 
intercept on the time axis of a plot of a versus time, actually 
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signifying the.total time required for evaporation, another 
form of the equation Is 
a2 
8k(DQ — D) 
which expreeees the time required for the drop to evaporate 
completely from an Initial diameter a^ . 
Plots of a versuB (T - t) on log-log grid yield approxi­
mately straight lines. The saturated vapor density muct be 
read at the correct drop temperature which, remember, has been 
reduced as the result of evaporative cooling. 
The exactly comparable but reverse mechanism of absorp­
tion by a particulate system has been studied but not well 
reported. Literature pertaining to this operation is exem­
plified by the reports and theories of various gas washing 
operations and apparatus. The patent files contain many refer­
ences to these scrubbing systems. Several principles and 
arrangements of apparatus utilized will be found quite appli­
cable to the processes of spray drying, or mass diffusion away 
from the particle. 
Johnstone and Kleinschmidt (58) studied the absorption of 
gases in wet cyclone scrubbers, and developed equations govern­
ing the rate of absorption of sulfur dioxide by atomized drop­
lets of a dilute sodium carbonate solution. The absorption 
ooefflolent wa-s shotm to be described by an empirical relation 
involving the radii of the ciroplet and cyclone", 
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g®" *" TTRTLU^  i/^ 3^ To W) 
where = area of atomized particles entering the system per 
second., R = gas constant, T = absolute temperature, L « length 
of path, = tangential velocity of the gas, ju and D = vis­
cosity and dlffuslvlty of the gas, " partlcle density, and 
r and r^  = radii of the droplet and cyclone, respectively. 
The nozzles employed were of the Sturtevant type with 
3/l6-lnch orifices, manifolded In a group of eighty. Approxi­
mately 31 oent of the droplets were found to have an 
average diameter of 25 microns, 23 per cent of 50 microns, and 
13 per cent of 100 microns diameter. The remainder were com­
posed of larger sizes up to 900 microns diameter. 
The absorption coefficient was expressed as 
where u = linear velocity equivalent to */2gL and d • spherical 
diameter of a particle equal In volume to that of the droplet. 
The average value of k„ for a length of path L Is given by 
(4?) 
(48) 
The rate of absorption vas theoretically derived to be 
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where dN/dt = absorption rate, mole of gas per unit time, 
P = total pressure, = mean partial pressure of Inert gas, 
P^ l and p^ 2 = partial pressures of the absorbed gas, and A = 
the surface area = 7r d L. The surface coefficient a Is deter­
mined as the ratio of total particle surface present In the 
scrubber at any one time to the volume of the scrubber, or 
a ^  (Aott)A (50) 
where V * scrubber volume and t^  = total time of droplet 
travel. 
Prossllng (37) Investigated the rates of evaporation of 
small drops of water, aniline, and the rate of sublimation of 
solid naphthalene from a small wire when placed In a wind 
tunnel. Repeated photographs of the droplets recorded their 
evaporation. Diameters of the particles studied varied from 
0.02 to 0.18 centimeters, the air velocity, u, from 20 to 700 
centimeters per second, and Re from 2 to 800. The equation was 
obtained, expressed In c.g.s. units 
dm/dt s 2rrD <^ (1 + 0.276.^ R^e) (51) 
vrhere dm/dt = rate of mass decrease of the droplet, M « molecu­
lar weight of the air, = kinematic viscosity, and other 
symbols are as defined for equations In the preceding refer­
ence to Johnstone and Klelnschmldt (58). The Reynolds number, 
of course, Is given by (Du/i^ ). Note that the evaporative 
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rate, dm/dt, la proportional to d^ /^ , u^ , and to D^ /^ /27 
Fuche (38) presented the moat complete and correct dis­
cussion of the rate of evaporation of small droplets In a gas 
atmosphere that was possible In 193^ * The equations given 
were theoretically derived. The manner In which calculation 
of the lowering of drop temperature may be made was described; 
the equation expressing such lovrerlng Is 
"^ 1 0^ 2Mlt dt 
where = bulk gas temperature, « drop temperature,p = 
liquid density, A = molar latent heat, M « molecular weight 
of the liquid, Ic = thermal conductivity, and r * drop radius. 
Houghton's (51) results were used to check the equation, and 
In the case of water at 21.7° 0, the lowering was found to be 
16.56° 0. 
The diffusion coefficient may be obtained. If d(r2)/dt 
has been determined, by 
= (53) 
where Cq = concentration of the saturated vapor and Cj^  = the 
concentration in the bulk of the gas. The diffusion coeffi­
cient varies with temperature according to Fuchs' paper as the 
square of the temperature ratio. Sherwood (120) expresses 
this more commonly as 
D/Dq = (T/Tq)^ /^  (5^ ) 
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The number of mols of vapor diffusing away per unit time 
Is 
= ^ 7rr(Oo - c^ ) YDiDQ 
and the heat expended during the evaporative process Is 
q - ^ TTrAcoY^ o = ^ oA (56) 
where and D© are at and Tq, respectively. 
In the foregoing, Puohs' article dealt only with the 
evaporation of a single drop Into an Infinitely extended 
medium. To treat the more common and practical case of evapo­
ration from a cloud It Is assumed that each droplet Is sur­
rounded by a spherical vessel of radius R. Then, If r/R Is 
small, the rate of evaporation can be approximated by 
I = (57) 
where t = lapsed time of evaporation. The effect of a volume 
decrease has been neglected In this relation. For small values 
of Reynolds number Puchs writes 
Re = {2vup ) / f J  (58) 
where p and fJ refer to the medium, and u Is the relative velo­
city of the droplet. It was maintained that motion has a 
negligible effect on the rate of evaporation. 
The rate of evaporation of droplets of dlbutyl phthalate 
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and butyl stearate about 1000 microns diameter was studied by 
Bradley, Evans, and Whytlaw-Gray (22) by means of a micro-
balance, With the data thereby obtained the equation derived 
by Puchs (38) was tested and found to apply. These authors 
expressed the relation as 
• 
where A is of the order of the mean free path of the air mole 
oules and is given by 
Completing the nomenclature, dm/dt = rate of change of droplet 
mass, m^  ^* average mass of an "air" molecule, m2 = mass of the 
diffusing molecule, Cq « saturated vapor concentration, c = 
vapor concentration in the bulk of the air, OC = an evapora­
tion coefficient (about 0.01), A « mean free path of diffusing 
molecules, and 17= (RT/2 7rm2)^  where R = gas constant per 
molecule and T = absolute temperatxire. The vapor concentra­
tion c is related to the vapor pressure by 
In comparison, the more simple equation of Langmuir, 
relatively inaccurate over a wider range, is 
(59) 
A = A (2^ ,* 
mi 
(6o) 
c * p/RT 
-dm/dt = ^ TT (61) 
whloh the authors hoM to "be sufflplently valid for r down 
to 10 microns In normal air. Serious Inaocuraples may "begin, 
however, with pressures of the order of 1 centimeter of Hg. 
Note that for c greater than 0, a graphical Integration is 
necessary to evaluate the change in radius with time. 
During the condensation of vapor admixed with air, if the 
cooling surface is sufficiently colder than the mixture heat 
and mass transfer to the surface may occur at such a rate as 
to result in a supersaturated condition in the mixture, 
creating a fog. The direct result of such a phenomenon is, 
in general, the loss of the vapor as fog in the vent system 
of the condenser. Because condensing installations frequently 
reach tremendous proportions, failure to recognize this source 
of loss may materially add to the cost of a process. 
Colburn and Edison (2?) emphasized earlier work (26) 
showing the change of the partial pressure of the vapor Py, 
with respect to the temperature tv» to be 
Py2/3 dp, 
dt. 
Pv - Pi" 'p - Pv' "ea ~ 1 
ty - ti (P-P)f a (////)DO)2/3 
(62) 
where the subscript 1 denotes Interface values, (P - p)^  = 
log mean of (P - py) and (P - p^ )^, and 
Pr 2/3 In ^  - Pi 
P - Py 
(63) 
The ratio (e® - l)/a, introduced by Ackermann (1) becomes 
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quite important when the condensing rate is high, or when the 
relative amount of inert gas in the mixture is low. It pur­
portedly corrects for the fact that the temperature decrease 
in a condensing gas may involve the sensible heat of the dif­
fusing vapor furnishing some of the heat conducted across the 
interface; the rate of temperature decrease of the remaining 
gas is therefore decreased. 
If the last three ratios of the right-hand member of 
Oolburn and Edison's equation vary negligibly from unity, it 
follows that 
= K Pv - Pi 
dt^  tv - "fci 
where K •» 1. While K is equal to unity for water vapor, the 
ratio (Pr)^ /^ /(^  » p may be quite low for organic 
vapors. Then, instead of a linear path of condensation as 
shown in Figure 1 obviously a curve results, as in Figure 1-a, 
typical of a trichloroethylene-air system. 
In either case. Figure 1 or 1-a, supersaturation occurs 
in passing to the left of the vapor pressure curve. VThile the 
indicated path may be followed for a time, soon enough fog 
forms to drop the actual path nearer the saturation curve. It 
is a fact that fog formation cannot be prevented by the pre­
sence of initial superheat unless present in an amount suffi­
cient to prevent the cooling path from crossing over the 
saturation curve. 
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"1. -V 
Temperature 
Fig. 1. systems water 
vapor-air 
Temperature 
Fig. 1-a. systems 
trlchloroethylene-alr 
Figs. 1 and 1-a. Vapor pressure-temperature relations 
during condensation of vapor 
Obviouely, a eolutlon to prevention of th« expenalve 
nulaanoe is to oool the gae mixture In a manner whioh will 
insure a path to the right of the satuz^ tlon curve. This may 
he done practically by adding sensible heat to the mixture 
during condensation. Usually, the amount required is very 
0 
small compared to the latent heat of condensation. Note that 
the sensible heat Is required before the occurrence of fog, 
being of little value after It has once been created. 
Philip (105)« concluding a study of artificially created 
fogs and mists, offered a mechanism for the condensation of 
supersaturated vapors. It has been held generally that such 
phenomena were the result of the vapor having been seeded by 
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minute particlea of dust or other extraneous matter. Other 
InveBtlgators belle the necessity for foreign condensation 
nuclei. It isaatters little v/hlch concept posBeBsea greater 
worth, but for the discussion at hand let It be assumed that 
the supersaturated vapor exists In purity, no foreign dusts. 
How, then, does fog formation proceed? 
According to Philip, when particles exist above a definite 
critical size In a supersaturated vapor, condensation will 
proceed naturally, Irrespective of the nature of these parti­
cles. Regardless of constitution there will be some size at 
which molecules are received by the particle at a rate which 
exceeds their loss by evaporation. 
The postulatlon of Philip and others demands a dynamic 
equilibrium between molecular aggregates In the usual super­
saturated vapor, In which such groups continually grow and 
lessen In size. Normally, the aforementioned critical size 
Is not attained and thus fog formations are retarded. But It 
must occasionally happen that one or more aggregates reach 
and slightly exceed the limitation, Tttoereupon condensation 
Immediately sets In. 
The occurrence of such labile molecular groups as a 
normal state of affairs also has formed a part of 0oodeve«s 
(^ 1) cluster theory of imperfect gases. Similar reasoning is 
advanced to account for certain phenomena near the critical 
point. 
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Ae an illustration of the so-oalled critical size of 
particlesf assume pure water vapor, supersaturated. At a 
pressure equivalent to twice that of saturation, a molecular 
aggregate required for an effective condensation nucleus must 
total perhaps 300 molecules. While there Is only scant experi­
mental evidence for such agglomeration. It Is quite plausible. 
In a discussion of cooling towers Boelter (18) Included a 
section on drop djmamice which brings out some generalizations 
on the theory and equations of small drops, in the range from 
200 to 6000 microns. 
The equation describing a downward-falling drop is 
where m « drop mass, g « acceleration of gravity, ^  = density 
of air, or other fluid through which the drop falls, A « pro­
jected area of the drop, u « drop velocity, and du/dt • drop 
acceleration. The drag coefficient C has been established as 
a function of Reynolds number, accoirding to 
where = Iclnematio viscosity and d « drop diameter. Plotting 
C against Re yields a relation resembling the ordinary fric­
tion factor plots for fluid flow. The drag coefficient is 
expressed 
m(du/dt) (63) 
Re = <ud)/z^  
0 * resistance offered by the air 
iA^ u^  
(66) 
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and le obtainable by substituting the steady state velocity at 
du/dt * 0 Into the general equation of motion. 
Graphical Integration of Equation (65)# when rearranged 
and solved for dt, between the limits of zero and t, gives a 
veloclty-tlme curve of the form 
where the denominator of the right Integral amounts to the 
acceleration per unit mass. 
A second graphical Integration yields a dlatance-tlme 
curve 
where s = distance In feet. 
Such curves are available from data of other Investiga­
tors both for the case of a drop falling from rest and for one 
discharged from a nozzle. For example, the time required for 
a drop falling from rest to travel a given distance, and the 
velocity attained In this distance, are correlated with drop 
diameter In Figure 1? of the Boelter article, using data of 
Llznar. 
Unfortunately, the majority of the data given are for 
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pure water. Thus, evaporation wae easily controlled and not 
an important factor. By contrast, trichloroethylene and mis-
cella drops are readily evaporatole, to the confusion of most 
methods of theoretical treatment encountered in the literature. 
In a later article Boelter and Nottiige (92) continued 
Boelter's discussion of drop dynamics, giving space-velocity-
time curves for the several oases of drops ejected dowiward 
and upward into still air, and falling from rest against up-
ward-moving air. 
The change in the temperature of the drop through evapo­
rative heat loss has heen computed from integrations of equa­
tions of mass and energy balances. Among other assumptions, 
unit thermal conductance for spheres in ranges available from 
the literature is given by 
which also applies to water drops. For the range outside the 
literature at low Re values the proportion based on McAdams' 
values (81) for cylinders is used. 
Nu « 0.70Re°*.^  ^, 10^ < Be <10^  (69) 
^^ R^e <ionospheres 
<10 cylinders 
0.70 Re^ '^  ^
 ^0.35 Re0*^ 6 
(70) 
Another assumption, which entirely voids direct applica­
tion to the writer'swork^  is that the equivalent radius of 
the drop remains essentially constant during the evaporative 
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cooling prooess. Suoh Is approximately the oaee with aqueous 
solutions, often not more than a 5 per cent decrease occurring. 
For any time Interval dt, the Ideal system Is descrlhed 
In mass and energy balance by 
where « Fourier's modulus = kt/cpR^ <5 . Here, <5 = weight 
density, Ic = thermal conductivity, and R = equivalent radius 
of a spherical drop. Further, In the balance equation, t = 
drop temperature, t^  ^= bulk temperature of the gas, « gas 
constant for the vapor, T^ , • absolute temperature correspond­
ing to an arithmetic mean of t and t^ * U' ® overall unit mass 
conductance based on the concentration potential, P^  
equilibrium partial pressure of vapor at t, p_ = partial pres-
t ® 
sure In the bulk of the gas. 
Evidently, the left side of the equation depends only on 
dynamical conditions, except for the term (1 + hy/h^ ), and 
the right side only on thermal conditions for a given Pg. 
Both may be evaluated graphically according to procedures 
given on page 330 of the reference (92). Explicit Information 
on determining the temperature-time data for water drops fol­
lows , including an illustrative example. 
A concluding comment offered by the authors is worthy of 
exact quotation. "The application of the dynamical and thermal 
3/2(Nu).d(Fo)(l hy/h^ ) dt/(t - tft) (71) 
1 + 
U'A 
* bjn/hg) 
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functions to the prediction of drop cooling should be made 
advisedly. Experimental proof of the validity of the computa­
tions must be awaited." However, an excellent start has been 
made on the problem of predicting drop temperatures, and, 
hence, evaporating time. 
In A later paper Boelter (19) concluded that drop size Is 
of more Importance to mass transfer than Is drop distribution. 
This was borne.out by plots of the overall mass coefficients 
obtained for several styles of nozzles against varying liquid 
rates. The curves lis In the same relative order as do the 
drop sizes from the nozzles correspondingly used. Thus, even 
though from 80 to 90 per cent of the water In a epray cooling 
tower may pass down the walls, at rates between 3000 and 6000 
pounds per hour, the major portion of the cooling Is shown to 
be due to drops. 
When the water was not sprayed but simply distributed 
down the tower walls In sheets, the mass transfer coefficient 
was correlated to give 
where (J and L are the air and water rates, respectively, in 
pounds per hour. On the other hand, using one style nozzle 
any varying the air and water rates again, the correlation 
was redetermined as 
K_a = 0.033 (72) 
Kgft = 0.01*3 -^ 71,0.76 (73) 
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for constant Inlet water temperature, and 
Kga = 0.19 lO'76 (7^ ) 
when the air rate is also held constant. Actually, for the 
spray portion alone, the variation Is linear with L and 
unaffected by Q-. 
An extreme effect on Kga was found In varying the Inlet 
water temperature. The following correlation was obtained. 
,0.76^ 0.17 
V = ,1 09 ' 
Note that neither drop size nor liquid distribution variables 
have been included in the correlations for Kga; therefore, 
because of the tremendous importance of these factors, caution 
must be exercised in attempts to extrapolate to other tower 
volumes. 
Further work on spray cooling was reported by Boelter and 
Hori (20) in which studies were made of two types of pressure 
spray nozzles, one of vdalch was the angle type in use in the 
writer's investigations. The nozzle orifice, however, was 
7/32 inch. While no specific observations of drop size were 
made, some general Information is given which may prove 
helpful. 
For the nozzle mentioned the discharge rate was found to 
vary as the 0.56 power of the pressure difference across the 
nozzle. The greater portion of cooling was found to take 
8^ 
place close to the nozzle. There definitely exists, then, an 
optimum length and height of spray chamber for not only water 
cooling, but for any spray process. 
It was observed, however, that if below this optimum 
distance layers of screen mesh are placed in a manner which 
will allow coalescing and dripping from one layer to others 
below, an even greater increase in heat transfer results for 
the system. This is only as should be expected since such 
mesh layers must function as a packed coliunn. 
Optimum performance is obtained by the use of a large 
number of smaller nozzles for a given liquid rate and tower 
volume, even though higher pressure is required, than in 
handling the same rate with fewer nozzles of larger orifice 
diameter. Obviously, the limiting drop size, controlled to a 
great exient by the pressure, is that of a particle whose mass 
is so small that it becomes buoyant relative to the air stream 
Heat transfer to clouds of particles 
Conditions which initiate and maintain to completion the 
evaporation of volatile constituents of atomized particles 
depend largely on their acquisition of sufficient heat. The 
fractions of such heat which are received due to convention, 
conduction, or radiation mechanisms differ marlcedly with any 
particular system. The methods of prediction or design of 
heat transmission units are largely carried out on an overall 
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basis, followed toy emplrloal trial and error adjustments, 
usually after actual operation has toegun. Thus, it should toe 
noticed In the atostraots which follow that, in general, the 
equations and relations developed are either inadequate or, 
approaching usefulness in some degree, extremely cumtoersome. 
Thus, a great weakness exists in the lack of this particular 
application of heat transfer principles. 
The transfer of heat to small particles toy natural con­
vection is treated toriefly by Meyer (90) who states that for 
heat transfer by this mechanism, his article is equally appli­
cable to spray drying, heating of fluidlzed solids, fuel spray 
injections, and the evaporation of mists or clouds. It is 
admittedly troublesome that because of obvious experimental 
difficulties, data on heat transfer to spheres are meager; 
this becomes more true with smaller sizes. 
Using a curve derived from data correlated by King (66) 
and Lander (70), in which Nusselt's number is plotted against 
the Grashof group on logarithmic grid, Meyer attempts to 
evaluate Nu for spheres while the data is based on thin cylin­
ders. Credit is due M«yer for observing in his closing state­
ments that the feasibility of spray drying in a particulate 
system heated by radiant energy rather than conduction-
convection heat should be studied. 
In connection with the recovery of sulfur dioxide from 
dilute waste gases, Johnstone and Singh (6o) reported rela­
tions for heat transfer to clouds of falling particles by a 
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wall or hot gas as given below. The overall heat transfer 
coefficient is 
D .  ^h, (76) 
O^wNf 
where "coefficient of heat transfer from the wall to the 
gas, h^ ,p = from the gas to the particle, and hj. = radiation 
coefficient based on the area of the particle. The areas 
and Ap, respectively, are the surface area of the heating -wall 
and the average surface area of each particle. The total num­
ber of particles In suspension at any one time is given by n. 
The authors proposed that the coefficient of heat trans­
fer from the wall to the gas Is perhaps given more accurately 
than others by Rice's equation: 
= o.xis 
Ic /y2 
1/3 
(77) 
where D « equivalent diameter of the channel, ^  = coefficient 
of thermal expansion of the gas, approximately the reciprocal 
of the absolute temperature# " the gas density, k « ther­
mal conduotivity of the gas, p « viscosity of the gas, and 
ty = mean temperature difference between the wall and the gas. 
The properties of the gas are determined at the arithmetic 
mean film temperature. 
The coefficient of heat transfer from the hot gas to the 
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particle may be approximated by 
0.5 0.5 
Vp _[ V/^ g] [lil (78) 
Ts. u Ts, I J 
where Dp • particle diameter, u • particle velocity, relative 
to that of the gas, and ju and c « viscosity and heat capacity 
of the gas. 
The coefficient of radiant heat transfer Is given by 
where and Tp = wall and particle temperatures, degrees R., 
/;\tp = temperature gradient between the wall and the particle, 
and Pj^  « factor which Includes the emlsslvlty, size and con­
centration of the particles, length of radiant beam, and the 
shape of the hot walls. The latter factor Is estimated on the 
basis of experimentally derived curves, pertaining to furnaces 
of various shapes and sizes, which are quite Inapplicable to 
the mlscella desolventlzatlon equipment Investigated. 
Johnstone, Plgford, and Ohapln (59) recently developed a 
mathematical treatment for heat transfer to clouds of falling 
particles. Using Information designed to calculate particle 
trajectories given by Lapple and Sheperd (71) In conjunction 
with the basic equations here given, the heat loss from evapo­
rating particles may be approximated and, therefore, their 
heat requirements and drying time. 
0.172A^ j^^ g fTyf} 
nA„ AtT5 
(79) 
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The raeohanlem of heat transfer from a hot surface to a 
particle cloud involve0 principally convection and. radiation. 
The resistance to heat flow by convection is the £5um of the 
resietancee opposing flow from the hot surface to the gas and 
from the gas to the particles. Paralleling this convective 
transfer is that amount of radiant energy which may pass 
directly from the hot surface to the cloud, in amiounts de­
pending upon the absorptivity of the intervening gas. The 
presence of significant absorption regions in the infra-red, 
if existent in the gas, will of course materially block re­
ception of those mve lengths by the particle. 
While only approximate relations are known for convective 
heat transfer to a single particle, even less is known re­
garding convection to particle clouds. Meyer (90) observed 
that the Nusselt number approached a limit between 0.5 and 1.0 
for low Q-rashof numbers and in natural convection. The over­
all coefficient of heat transfer for a O.OOI6 inch diameter 
particle in air in a spray dryer was estimated to be 2^ 0 Btu. 
per hour per square foot per ®F. for a temperature gradient of 
200° P. The total heat flux wuld amount to about 50,000 Btu. 
per hour per square foot. If radiant transmission were solely 
responsible for this flux the radiator temperature would have 
to approach 2000° F. Obviously, since such temperatures do 
not exist in the spray dryer, convective transfer must be at 
a high rate. 
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Solution of the Pourler-Poisson equation for thermal 
conduction in moTing fluids, adapting the relation to convec­
tion by assuming the velocity distribution of the fluid to be 
zero in all dimensions, gives a steady state rate of heat flow 
according to 
q « 2^ kDp(te - too ) (80) 
which applies to a very small particle in a quiescent fluid. 
The heat transfer coefficient, then, is 
h ~ (81) CP Dp * ' 
which agrees with Meyer's report. 
Drew (31) gave direct solutions of the Fourier-Polsson 
equation 
oa(|| + t  ^ip)* (82) 
' hx dy ax hy y^ dz <z 
for various oases, but more recently, Johnstone, Pigford, and 
Ohapin made qualifying assumptions to permit direct solution 
in terms of radlly evaluated Bessel functions. The average 
coefficient of heat transfer by convection la given by 
2^ 
^ (83) 
a  ^1 + bj 
Illustrating the rapid convergence of this series, at RePr » 
10 the sixth term is only 0.1 per cent of the sum, and for 
RePr « 100 this per cent is attained by seventeen terms. 
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Plotting Nu versus RePr Indicates the approach of Nu to a 
Value of 2 as Re goes to zero. Also, a straight line Is ob­
tained above RePr equal to about 120 which Is described by 
from which the heat transfer rate may be shown to be 
q = (tg - ) ^y^5'(2rfr2) (85) 
or 
q « ^ .487r2(tQ - t«, ) <8^ ) 
Equation (83) Is a general relation but Equation (8^ ) only 
applies to particles larger than 4oo microns and having a 
specific gravity of 3.0. 
For Equations (80) through (86), the nomenclature Is: 
q « rate of heat transfer, Btu. per hour 
k = thermal conductivity, Btu. per hour per 
square foot per deg. F./foot 
Dp • arltlimetlc average diameter of particles 
In the cloud, feet 
t = temperature, deg. F.j subscript s = unlfoinn 
particle surface temperature; «» » uniform 
gas temperature at an Infinite distance 
from the surface receiving heat; Aq"'* ® tg-too 
hop • convection coefficient for spherical 
particle, based on particle surface area, 
Btu. per hour per square foot per deg. F. 
c a specific heat of the gas, Btu. per pound 
per deg. F. 
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p = density, pounds per oublo foot 
u,v,z = velocity components In the x, y, z 
directions 
0 • time, hours 
r « radius, feet 
a « square root of thermal dlffuslvity = (k/cyo)^  
V » velocity, feet per hour 
2 7? 
 ^ " ®' ss?;' iBrf?' 2^' • • • 
7n roots of the first order Bessel fimc-
tlon, JiCS) = 0, -tAiioh may be found in 
standard tables. 
To facilitate use of the general Equation (83)» successive 
values of 7^ 35; are given below. 
Table 2. Roots of Bessel 
functions for Equation (83) 
X V x  772 yx z V x  
0 
1 
2 
3 
0.000 
3.831 
7.015 
10.173 
0.000 
14.676 
49.210 
103.^ 90 
11 
12 
11 
35.33 
38.48 
41.61 
kk.76 
1248.209 
1480.710 
1731.392 
2003.^ 58 
4 
5 
6 
7 
13.324 
16.471 
19.616 
22.764 
177.529 
271.294 
384.787 
518.018 
11 
17 
18 
47.90 
51.04 
5^ .19 
57.33 
229^ .410 
2505.082 
2936.556 
3286.729 
8 
9 
10 
25.900 
29.050 
32.190 
670.810 
843.903 
1036.196 
19 
20 
60.47 
63.61 
3656.621 
4046.232 
Johnstone, Plgford, and Ohapin's derivation of the coef­
ficient of radiant heat transfer to a particulate system is 
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baaed upon the faot that the Intensity of the radiant heam 
must decrease from the outer to the Inner particles In the 
cloud by reason of Increasing absorption with travel. Know­
ledge of the manner of variation, then, enables formulation 
of a relation for evaluating hj,. 
0.172FAJJ[(TH/100)'» - (Ip/lOO)'^] 
- Tp) 
Where 
p s 1 
AE JL. ^ . 1 
 ^w 
If CQ  IS  small compared to €^ , Is well approximated by 
€ 0* reducing Equation (8?) to 
0.172 6- [(VlOO)'* - (Tp/lOO)'^ ] 
 ^ T-r-^  (88 
 ^ ifify, - Tp) 
To obtain e© for Equation (88), when the radiator approx­
imates an Infinite cylinder the Integral becomes 
7r/Z n/Z 
-ZgpOrQa cos/ 
e cos^  OOB2^  ooe2'^ d/9da^  (89) 
Similar equations for are given for a spherical shape and 
for a cloud between parallel Infinite plates. Fortunately, 
Equation (89) has been evaluated graphically, expressing 
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as functions of 26p0roa or of GpODa. The complete results are 
listed In Table 1, page 26, of the bulletin discussed (59)* 
However, a partial copy of the table Is given below. 
Table 3« Solutions of Equation (89) 
for an Infinite cylinder 
ZepOrga 0^ 2epCroa 0^ 
0.00 0.0000 3.5 0.9293 
0.10 0.0932 4.0 0.9-^ 60 
0.20 0.1767 .^5 0.9580 
0.25 0.21^ 9 0.9665 
0.30 0.2512 5.5 0.9728 
0.40 0.3170 6.0 0.9776 
0.50 0.376^  6.5 0.981^  
0.75 0.5000 7.0 0.98^ 3 
1.00 0.5957 7.5 0.9868 
1.25 0.6709 8.0 0.9885 
1.50 0.7298 8.5 0.9901 
1.75 0.7769 9.0 0.9913 
2.0 0.81^ 2 9.5 0.9927 
2.5 0.8689 10.0 0.99^ 0 
3.0 0.90^ 8 1.0000 
The nomenclature for Equations (8?) through (89) Is given 
below, supplementing that following Equation (86). 
FA W  = angle-emmlsslvlty factor for net radiation 
transfer 
= absolute wall temperature, °R. 
« absolute particle surface temperature, ®R. 
/ = ratio, particle area to wall area « ODa = NAp/Aw 
* absorptivity of the wall, or that fraction of 
the Incident radiation which Is absorbed 
9^ 
€p = absorptivity of the particle 
£Q » absorptivity of the cloud 
0 « concentration of particles at any point In 
the cloud; I.e., the number per unit volume 
D = Internal diameter of the radiating cylinder 
a « average projected area of single particle 
TQ « radius of the Infinite cylinder 
The size analysis was carried out by microscopic examina­
tion of particles caught on a glass slide coated >rlth a thin 
layer of gum arable solution in glycerine and vater, and the 
average diameter Dp was obtained from the results of several 
traverses across the slide. The average projected area, a, 
observable under the microscope, was taken as one-fourth the 
total particle surface area, NAp. The average mass was ob­
tained by actually counting and weighing several thousand 
particles, which in turn enabled calculations of average par­
ticle volume from the known density. 
The drag coefficient, or effect of gas resistance, was 
found to be 
8K 
Ojj --
\Aiere K is the volume-shape factor, Vp/D^ , equivalent to rr/S 
for spheres, and « densities of particle and gas, re­
spectively, and V,^  = terminal velocity. Using the drag coef­
ficient, the time of fall was obtained from 
P-o -
Pi 
M (90) 
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Equation (91) was Integrated graphically. 
The assumption that the overall heat transfer coefficient 
Is proportional to the log mean temperature difference between 
the wall and particle, for a particle failing In accelerated 
motion, was proved. 
The coefficient of heat transfer between spheres and 
flowing media was Investigated In 19^ 3 "by Kramers (67). In 
separate tests, three sizes of small steel spheres were heated 
by high frequency Induction colls while water, air, or spindle 
oil was circulated past them. The following empirical rela­
tion was obtained. 
Nu = 2.0 + + 0.66Pr°*5^ Re°*^ ° (92) 
which was verified within ^ 10 per cent for the ranges, Nu 
between 10 and 4o, Pr between 0.7 and 4oo. For Nu less than 
10 the values obtained are too high. Reynolds numbers up to 
100,000 are generally applicable. 
It was stated that the work of other Investigators was 
carried out under non-stationary methods which, In Kramers' 
mind, were not accurate. The work of Johnstone, Plgford, and 
Chapln (59)» previously abstracted, resulted In a relation In­
volving the Peclet number 
Nu = 0.71^  Pe^  (93) 
At low Reynolds numbers the path of their theoretical curve 
deviates markedly from the experimental data. 
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OOLLEGTED PROPERTIES OP 
TRIOHLOROETHYLENB, SOYBEAN OIL. AND 
THE SYSTEM: TRIOHLOROETHYLENE-SOYBEAN OIL 
Trlohloroethylene 
Vapor prgsaure^ temperftture 
The relation hetveen the vapor presauree of trlohloro­
ethylene at various temperatures has been Investigated by 
several workers. One of the earlier and more accurate sets of 
data for Its time was obtained by Herz and Rathmann (^ 6). 
Probably the moat accurate data were obtained by McDonald (83), 
using the Isotenlscope of Smith and Menzles (122). These data 
are plotted on an arithmetic grid In °C. In Figure 2., but 
from a semi-log plot give the equation 
log p a 3o.i^ 826o9 - . 7.999975 log T (9^ ) 
where p * vapor pressure, centimeters Hg, and T « absolute 
temperature, °K. 
Density 
The density of trlohloroethylene taken from McDonald, Is 
given with an accuracy of ±3 in the ^ th significant figure as 
1.4980 - 0.00l6l8t (95) 
for the range t = 0 - 6o® 0. 
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Heat of •ftporization 
Also from McDonald, by differentiation of Figure 2 and 
Bubstltution In the Glapeyron equation, the heat of vaporiza­
tion may be represented by 
p(y . Yi) 
AH = 2- (2153.351 - 2.5^ 7992T) (96) 
T 
where AH » calories per gram-mole, T « ®K., p = rapor pres­
sure of the liquid, centimeters Hg, Vy and s vapor and 
liquid molal volumes, at T. 
According to data plotted by HcGovern (8^ ), the following 
equation is technically valid between 0° and 100® 0,, and is 
more easily handled than Equation (9^ )« 
X= -o.llt + 66.76 (97) 
where A s OHU. per pound and t • °C. 
It is recommended that the liquid molal volumes be calcu­
lated from Equation (95) or obtained from Mellan (86) and that, 
in the absence of other trusted sources, v^  be calculated from 
the perfect gas laws, 
v^  » (l31.V359)(273/T)(i'/760) (98) 
Index of Refraction 
The index of refraction of trichloroethylene is expreseed 
t)y 
njj a 1.W55 - 0.0005675t (99) 
accurate to 13 in the 5th significant figure from 17® to 27° 0. 
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Liquid vlaoosity 
The viscosity of the liquid Is given In centlpolses at 
t °0. by the equation 
logfJ' -0.1^ 521 - 0.003^ 786t (100) 
calculated from data In Perry (103)* 
Liquid thermal conductivity 
Prom a plot given by McGovern (8^ ) the following equation 
has been determined to give Ic, OHU. per hour per square foot 
per (®0./foot), when t = ®0. 
k » 0.08^ 4 - 0.0002364t (101) 
Liquid specific heat 
The specific heat of liquid trlchloroethylene may be 
approximated by 
Cp = 0.0001506t + 0.225 (102) 
where Cp « CHU. per pound per ®0. and t » ®0. The true rela­
tion Is not linear but Equation (102) Is sufficiently valid 
for most engineering calculations. 
Vapor specific heat 
The specific heat of the vapor at t °0. may be obtained 
with reasonable accuracy from 
Cp « 0.000176t + 0.1^16 (103) 
where Cp, again, Is given In CHU. per pound per °0. 
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Vapor thermal conductIvlty 
The thermal conductivity of the vapor, CHU. per hour per 
square foot per (°C./'oot), at t ®0. Is given by 
k - o.ooooi75t + 0.00332 (lO^l-) 
between 10° and 90® C. 
Dlffuslvlty 
The following expresses the dlffuslvlty, square centi­
meters per second, through an Inert gaseous component, B, 
m3/2 
D = 0.00^ 3 JL. ^  JL. 
l^A % 
(105) 
Above, T = absolute temperature, ®K., M = molecular weight, 
P » total pressure, atmospheres, V « molar volume. 
Solubility In water 
The solubility of trlchloroethylene In water (8^ ) varies 
non-llnearly from 0.11 grama per 100 grams of water at 20° 0. 
to about 0.135 grams per 100 grams at 70° 0. 
Heat transfer coefficient for condensing vapor system: 
trlchloroethylene-water 
Baker and Mueller (12) correlated experimental data to 
give an equation from which the heat transfer coefficient for 
the usual dropwlse-fllmwlee condensation of a mixture of trl­
chloroethylene and water may be obtained 
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fi 2 
s 1.28 avt 
. ^ av.'^  
TDhere Q, = Btu. per hoiir transferred by the mlxtiire; Qg « Btu. 
per hour transferred by the water; jU = filming condensate vls-
ooeity, or that of the trichloroethylene, In pounds per foot 
per hour; yOav.» ®Pav.» a^.v. = J^ eepectlvrely, density, 
specific heat, and latent heat averaged on the basis of the 
weights of each component in the mixture; = thermal con­
ductivity, Btu. per hour per square foot per (°F,/foot), 
averaged on the basis of the volume of each component in the 
mixture; g « ^ .18 x 10® feet per (hour)^ ; h • Btu. per hour 
per square foot per °P., found independent of the temperature 
difference or the mean temperature drop through the film. The 
fluid properties may be calculated from the equations given 
above, 
Heat transfer coefficient for condensing saturated trichloro­
ethylene vapor 
McAdams (81) gave the mean heat transfer coefficient for 
condensing saturated trichloroethylene vapor on 1-inch hori­
zontal tubes as from to 262 Btu. per hour per square foot 
per ®F. for a range in temperature difference of 5^ ° to 85® F. 
It is stated that the ratio (observed hm/predicted hn) will 
approximate from 0.8^  to 0.99. McAdams' Equations (10) and 
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(13)» pages 260-261, are also recommended. 
Soybean Oil 
Molecular Weight 
Johnstone, Spoor, and Ooss (61) used an average molecular 
weight for completely refined soybean oil of 876, based on the 
following average analysis of the oil: palmitic « 6.5, 
stearic « 6.5, oleic = 31.2, llnolelc = 49-8, and llnolenlc = 
6,0, weight per cents. An average value for the crude of 300 
Is satisfactory for most design engineering. 
Specific Heat 
The specific heat of soybean oil, calories per gram 
per °C., may be obtained from data of Olaric, Waldeland, and 
Cross (25), from 20® to 120® 0., according to the relation 
log 0 = 0.000621t - 0.3555 (107) 
Index of refraction 
Pickering and Oowlishaw (107) found from the investiga­
tion of hundreds of samples of fresh soybean oil that the in­
dex of refraction could be related to the iodine number by 
n|^  - 1.4515 + 0.0001171 (I.V.) (108) 
but only for fresh, unoxldlzed oils. !Phe iodine value may 
vary between 100 and 150 units (80). 
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Vlsooelty 
The viscosity of soybean oil has been reported (61), 
corrected from the original data, In centlpoises as 79.7 at 
15.5° C., ^ 3.6 at 25° 0., 27-0 at 37-8® 0., and 18.3 
50.0® 0. Practically all data in the literature on viscosity 
and spceific gravity, and the other physical properties are 
unreliable due to geographical and aeaaonal variation in the 
composition of the oil and should therefore be used in 
approximations only. 
Decomposition temperatures 
Ingebo (5^ ) reported the darkening of soybean oil, heated 
with Indirect steam at 80 pounds pressure, to follow the 
relation 
0 a lif eO*^ 313t (X09) 
where 0 • Lovlbond red color (at constant 70X), and t « con­
tact time, minutes. 
Markley and Goss (80) gave the smoke, flash and fire 
points of solvent extracted crude oil as ^ 11°, 602®, and 
672® 0., determined by the Cleveland open cup method. 
The system: trlchloroethylene-soybean oil 
Density-concentration at constant temperature 
Figure 3 shows the variation of density in grams per cc. 
with the concentration of alscella, weight per cent oil, 
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reported Toy Johnstone, Spoor, and Gtoss (6l) for temperatures 
of 77®, 100®, and 122® P. The ourve for 77® P* checks that in 
Figure 4 closely. The latter curve was plotted from date, 
taken at Iowa State College and Figure ^  Is recommended for 
control use. 
Ylsooslty-concentratlon at constant temperature 
The data of Johnstone, Spoor, and Ooss (6l) are also the 
source of the plots In Figure 5 of the relation between vis­
cosity, in centlpolsee, and various conoentratlons of mlscella, 
at constant temperatures. 
Refractive index-concentration at 2^ ® 0. 
Similarly, the above authors reported the data utilized 
in Figure 6, lAiich represents the change In the refractive 
index of mlscella at 25® 0. as the latter*s concentration Is 
altered. 
Specific heat-temperature, several mlscella concentrations 
Figure 7 presents a family of curves which relate spe­
cific heat and temperature at conoentratlons of rolsoella from 
5 to 100 per cent oil. The data used in plotting these rela­
tions were calculated from Equations (102)and (107) which gave 
the specific heats of pure trichloroethylene and pure soybean 
oil, respectively, at several temperatures. The specific 
heats of each mlscella were then obtained at these tempera­
tures by adding the products of the weight per cent of the 
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component and Its speolfic heat. 
Vapor preB8ure"temperatnre. several nlacella oonoentratlons 
Measamer (85) carried out one of the initial Investiga­
tions into the relations among vapor pressure, temperature, 
and concentration. His work extended over a range from 5 to 
50 per cent trlchloroethylene; the data have been plotted in 
Figure 8. If the mlscella concentrations are read at the 
intersections of the horijcontal isothermals through 50°, 6o®, 
70®, etc., and plotted against the corresponding vapor pres­
sure, Figure 9 is obtained, 
Hollowell (48) obtained data on the boiling temperatures 
for several mlscella concentrations under atmospheric pressure 
by two methods. In the first method the several solutions 
were individually refluxed to the attainment of equilibrium 
temperatures. The second method involved continuous distilla­
tion from a mlscella originally strong in trichloroethylene. 
The data from the two procedures agree quite well, as may be 
seen in Figure 10. 
The writer developed apparatus with which vapor pressure-
temperature data were obtained for several concentrations of 
misoella, A U-tube, 85 centimeters in length and constructed 
from 8-mlllimeter Pyrex glass tubing, was fitted with a ground 
glass stopper on one leg. In use, the tube was filled a little 
more than half full with mercury to which air pressure was 
then applied, forcing the meniscus in the open leg to within a 
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oentlmeter of the taper ^ Ich received the stopper. The 
latter, of course, was not In place during this procedure. 
With the bulk of the mercury displaced nearly to the top 
of the leg fitted for the stopper, a sufficient quantity of 
mlecella T<as added such that Insertion of the greased stopper 
wjuld displace not only all free air but some of the sample. 
Having Inserted and carefully seated the stopper, the air 
pressure was removed from the other leg, opening It to the 
atmosphere. Thereupon, the small sample of mlecella Immedi­
ately attained a position defined by a state of equilibrium 
between Its vapor pressure in one leg and that of the atmos­
phere In the other. The difference in elevation of the two 
mercury menisci subtracted from the barometric pressure gave 
the vapor pressure over the mlscella at its temperature. 
The U-tube was then completely immersed in a water 
Jacket. While circulating water at slowly increasing tempera­
tures through the Jacket, data were recorded for the respec­
tive temperatures and menisci differences over a period of an 
hour or more. During this time the bath temperature was in­
creased gradually from about 25° to 90° 0. The procedure was 
then reversed and the water slowly cooled over another period 
of at least one hour, again recording temperatures and menisci 
differences. In this manner the lag between the observed 
temperature of the water and the actual temperature of the 
mlscella, and therefore its vapor pressure, was corrected for 
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"by averaging each pair of data recorded over the temperature 
range. Actually, both the heating and cooling data could be 
plotted and an averaging line drawn bisecting the vertical 
distances between the two plots. This average line thus de­
scribed an extremely good approximation of the true variation. 
When the log of the vapor pressure was plotted against 
the temperatiuce In °C. a straight line through the points was 
clearly Indicated. If these logs were plotted against the 
reciprocals of their corresponding absolute temperatures, 
application of the Olauslus-Clapeyron equation 
l n p  =  - i i * 0  
Should yield the heat of vaporization ,^ assuming the vapor 
obeyed the Ideal gas law. Any units of temperature and pres­
sure may be employed as long as they are consistent In each 
application. 
Average values of vapor pressure and temperature for 
several mlscella concentrations are listed In Table The 
values for 50 per cent oil are not original data but were 
read from the curves in Figure 12. The remaining data have 
been plotted to show the variation of vapor pressure with 
temperature (Figure 11) and with concentration (Figure 12). 
The values of vapor pressure for 20 per cent oil, surprisingly 
enough, lay above those for pure trichloroethylene. The in­
crease varies from 7.6 centimeters of Hg at 30° C. through a 
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maximum of 7*9 centimeters at about 50° 0., and down to a 1.0 
centimeter Increase at 90° C. Reference to the curve showing 
the variation of the refractive Index with concentration 
(Figure 6) reveals a similar trend; a maximum value also ap­
pears at around 20 per cent oil. 
Table 4. Vapor pressure of 
trlchloroethylene and mlscella 
Temp. 
°0.  
Vapor pressure - cm. Hg 
trl. 
20^  
oil 
50^  
oil 
6$,6^ 
oil 
80^ 
oil 
8.7 
11.0 
13.8 
16.3 
19.3 
22.2 
12.4 
14.6 
17.0 
11.2 
12.7 
14.4 
10.3 
10.9 
11.9 
17.1 
20.9 
25.4 
24.6 
28.8 
32.8 
19.5 
22.9 
25.8 
16.3 
18.4 
20.8 
12.8 
13.9 
15.3 
30.5 
36.5 
43.4 
37.6 
43.9 
49.8 
28.7 
34.3 
39.7 
23.6 
26.7 
30.2 
16.8 
18.4 
20.6 
51.3 
60.4 
70.7 
56.6 
64.8 
73.7 
45.1 
52.0 
59.0 
34.2 
38.7 
43.8 
22.8 
25.3 
27.7 
81.9 82.9 66.8 49.4 30.9 
100^  
oil 
30 
45 
50 
55 
6o 
65 
70 
75 
80 
85 
90 
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EXPERIMENTAL INYEaTIOATIONS 
The object of the following e3q)erlmental work le the 
deeolventlzation of mleoella according to accepted methods of 
spray drying. The work has been divided into two phases, 
preliminary studies, Involving various kinds and arrangements 
of auxiliary equipment which center around a chamber of fixed 
dimensions, and final studies made on a larger chamber with 
more definitely placed auxiliaries. Experimental work con­
cerning the vapor pressure—temperature relations of various 
concentrations of miscella has been described elsewhere. 
Preliminary Studies 
Materials 
The soybean oil used to prepare artificial miscella 
solutions was obtained from the desolventization of miscella 
produced with the pilot plant extractor in the West Chemical 
Engineering building of Iowa State College. 
The trichloroethylene solvent was the extraction grade 
sold by E. I. du Pont de Nemours and Company and had the 
following specifications (32): 
1. Chemical formula OHClsCClg 
2. Molecular weight 131.4 
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3. 
5. 
6 .  
7. 
8. 
9. 
10. 
11. 
12. 
13. 
Boiling point at 7^ 0 mm. 
OO. 86.9 
Op. 188.itl-
Latent heat of vaporization (B.P.) 
Btu./lb. 103.0 
cal./g. 57.2 
Specific heats, cal./g./°C. or 
Btu./lb./®F. 
Liquid, 20® 0. 0.225 
Vapor, Op, 1 atm., 80° 0. 0.156 
Thermal conductivities, Btu./hr. per 
(ft.2)(op./ft.) 
Liquid, 20® C. 0.0801 
Vapor (B.P.) 0.00^ 82 
Specific gravity (20°/^ ® 0«) 1.46^  
Pounds per gallon (15° C.) 12.30 
Vapor density (B.P., 760 mm.) 
g./L. ^  
lb./ft? 0.278 
air - 1 .^54 
Diffusivity in air (25° 0.» 1 atm.) 
om?/6ec, 0.073 
Solubility (25° C.) 
In water, g./lOOg. 0.11 
Of water in tri., g./lOOg. 0.032 
Viscosities, centipoises 
Liquid (20® 0.) 0.58 
Vapor (60° 0.) 0.0103 
Refractive indices, 
Liquid 1.^ 782 
Vapor (0° 0.) 1.00178 
Surface tension (in air, 30° 0.) 
dynes/cm?, approx. 29• 
The trichloroethylene ttfas either drawn directly from its 
shipping container or obtained from a distillate receiver on 
the condensing system of the aforementioned pilot plant. 
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Variations In properties of the distilled solvent were incon­
sequential. 
Misoella was obtained from the pilot plant extractor or 
prepared as an artificial mixture of soybean oil and tri-
chloroethylene. The concentrations of oil in the misoella 
feed solutions were determined from their specific gravity, 
according to Figure In the preliminary studies no atten­
tion was given to oil color before and after injection in the 
experimental equipment. Usually, the product of one run was 
mixed with fresh solvent to form the feed for the next trial. 
Equipment 
The apparatus used in the preliminary studies located 
on the west mezzanine of the Chemical Engineering building at 
Iowa State College. The spray chamber was formed from a dis­
mantled receiver tanlc of a steam condensate return system. 
Chamber dimensions of the vertical cylindrical vessel included 
18 Inches in diameter by 2 feet-9 Inches high. The top sur­
face was concave and the bottom convex. 
Preliminary estimates seemed to Indicate that the neces­
sary latent heat of vaporization would be supplied by the heat 
content of the feed plus that contributed by any desslcant or 
carrier. Therefore, to provide thermal insulation against 
condensation of vaporized solvent, the exterior of the chamber 
was wrapped with ^ -Inch copper tubing, spaced vertically on 
2-lnoh centers, and connected to a steam supply line at about 
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50 pounds per square Inch pressure. A layer of magnesia block 
Insulation 1^  Inches thick, was then applied covering the 
entire surface. 
The feed was drawn from a 5-gallon supply tank and in­
jected into the chamber by means of a Viking pump having 
3/8-inoh suction and discharge connections. Power was sup­
plied by a f-horsepower, 1750 rpm. motor on a 6o cycle, 110 
volt, single phase line. The feed rate, not recorded at first, 
was later measured by volume decrease of the calibrated feed 
tank and still later by placing the feed tank permanently on 
a platform scale. 
A heat exchanger for the feed miscella consisted of 
standard 3/^ -inch pipe with a feet steam Jacket operated at 
a maximum pressure of 80 pounds per square inch. An auxiliary 
heating unit was later added to the interior of the chamber. 
This consisted of a continuous 4-inch diameter coil of 27 
turns of 5/l6-inch copper tubing suspended vertically at the 
axis of the chamber, leads passing through the tank wall to 
steam supply and trap. 
Various spray nozzles were tested in this preliminary 
work. These included the types mentioned below, hereinafter 
referred to by their number. 
1. Marley, No. 104. 
2. 3pray Engineering, No. IB. 
3. Spray Engineering, two-fluid. No. 4BM. 
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4. Spraying Syetems, FullJet 1/8-lnoh, orifice No. 1. 
5. Spraying Syetems, PullJet 1/8-lnoh, orifice No. 3. 
6. Spraying Systems, WhirlJet, No. 1/8 Al, l/l6-lnch 
orifice. 
?. Spraying Systems, Whlrljet, No. 1/8 A3, 5/32-lnoh 
orifice. 
All types, excepting Numbers 3» 6 and 7, discharged their 
spray along the axis of the feed line, the others at right 
angles to It. Only modifications of Numbers 6 and 7 proved 
acceptable. 
The solvent vapor was withdrawn from the top of the cham­
ber through a condenser, liquid trlchloroethylene being dis­
charged to a receiver. A vent line on this receiver led to an 
oil-sealed vacuum pump. 
The oil product was taken from the bottom of the chamber 
to a receiving carboy. Initially, a small steel tank was used 
as the product container but was replaced by the glass re­
ceiver to permit observation of the discharge from the chamber. 
Because of entralnment of oil through the vapor line 
various arrangements of baffles were tried. That device which 
eventually proved successful consisted of a cone formed from 
4o-mesh screen, set In the vapor take-off on top of the spray 
chamber. The cone was 4 Inches high and equal In diameter at 
Its base to the Inside diameter of the 3-lnch standard tee 
within which It rested. 
Direct steam was admitted to the spray chamber In the 
later runs of this preliminary group, at first thivsugh a spray 
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nozzle and later by simply expanding through a section of 
Jaclceted 3/4-inch pipe into the bottom of the chamber. 
Figure 13 depicts the arrangement of apparatus being em­
ployed at the termination of the preliminary studies. 
Procedure 
In the original installation the feed after being heated 
in the exchanger passed from the supply tank through the pump 
and to the bottom of the spray chamber. A strainer was placed 
in the pump discharge line. The first nozzle tried was type 1. 
Intended for use as an air hiunidifying nozzle, its construc­
tion included a fine-mesh screen between inlet and orifice 
which quite effectively and rapidly plugged resulting in no 
miscella reaching the spray chamber in the first attempts at 
operation. 
A fine screen was then installed in the bottom of the 
feed tank, the valve at the pump inlet changed from globe to 
gate type, and repeated trials carried out. In no instance 
was miscella observed to appear in the flash chamber, although 
feed pressure up to 150 pounds per square inch had been used. 
The nozzle assembly was altered to use type No. 2; its 
favorable operation was observed before insertion in the 
chamber by allowing discharge into a beaker out in the open. 
This nozzle contained no screen and obtained its turbulence 
by guiding a portion of the feed through an integral spiral 
channel, concentric with a cylindrical center Jet, into a 
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mixing chamber Just behind the orifice. This assembly proved 
at least partially auocessful and the six runs In Table 5 were 
made. 
Each run followed essentially the same procedure. After 
turning on the chamber coll, at least one hour was permitted 
to elapse In order that an equilibrium thermal atmosphere 
might prevail within the chamber. At the duration of the 
warm-up period, steam to the mlscella heat exchanger, cooling 
water to the condenser, and the vacuum were turned on. The 
feed, \vhlch had been prepared from oil and solvent In the 
meantime, was pumped through the nozzle Into the vaporization 
space. 
At the conclusion of the run solvent and product re­
ceivers were emptied and their contents examined. Product 
analysis was carried out by ohecklng the specific gravity. In 
all six runs, the solvent was tinged with oil, signifying en-
tralnment of tiny oil particles by the solvent vapor. The 
rate of feed was noted for Runs 5 and 6 on the basis of the 
volume decrease In the feed tank. 
The limiting value of the vacuum on the system was noted 
as 23.5 Inches of Hg. The flashing of the solvent had negli­
gible effect on the absolute pressure on the system, de­
creasing the vacuum by only ^  Inch at the maximum. 
These early trials were carried out In the absence of two 
extremely significant features, later added. First, the vapor 
line between the spray chamber and the condenser had not yet 
Table 5. Summary of data and partial 
results from Runs 1 through 6. 
Run 
No. 
Pump 
Pressure 
(psig.) 
Vacuum 
(in.Hg) 
Miscella 
(Per cent 
oil) 
Product 
(Per cent 
oil) 
Miscella 
Temp. 
(°F.) 
Vapor 
Temp. 
(°F.) 
Vaporization^  
1 100 22.0 32.3 70.6 232 150 0.5^ 2 80.1 
2 100 23.0 27.0 65.2 235 153 0.586 80.^  
3 100 23.0 30.0 62.0 226 i4o 0.516 73.7 
50 22.5 33.7 71.8 236 170 0.530 80.0 
5 50 23.5 32.8 7^ .9 236 158 0.562 83.7 
6 50 23.0 35.9 79.1 237 160 0.5^ 6 85.3 
For example, for Run 1, oh the basis of 1 pound of feed there would be present 
0.323 pounds of oil plus 0,677 pounds of solvent. In the product the same 0.323 
pounds of oil how contribute 0.706 pounds per pound, or there are 0.135 pounds of 
solvent present in the product per pound of feed. Thus, O.677 - 0.135- = 0.5^ 2 
pounds of vapor are formed per pound of feed, and the per cent vaporization 
becomes (O.5WO.677)(100) = 80.1. 
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been lagged. This supposedly horizontal line was found to 
have a slight pitch back to the chamber permitting alr-
condeneed trichloroethylene to drain into the spray chamber. 
Thus, even though initial separation of oil and solvent was 
actually accomplished, the drainlngs from this bare vapor line 
recontaminated the product. 
Second, there proved to be insufficient heat available in 
the total system to accomplish vaporization of the solvent. 
Thermal energy was added mainly by the heat exchanger pre­
ceding atomization with a small additional amount furnished by 
the steam coil on the chamber exterior. The total heat from 
these sources was not sufficient to produce desolventization. 
With the conclusion of the first 6 runs, desolventization 
operations were suspended to institute corrective remodeling 
of the equipment. Heat was made available to the interior of 
the spray chamber with the addition of 2? turns of 5/l6-inch 
copper tubing coiled about a ^ l—inch diameter. The coil was 
suspended along the vertical axis of the chamber, mid'way 
between top and bottom. Entry to the coil for inlet steam was 
made by leading the upper end of the tubing out of the chamber 
through a welded nipple. A rubber stopper surrounded the 
tubing and sealed the nipple to the atmosphere. In a similar 
manner provision was made for steam condensate to exit from 
the interior coil to a trap. The vapor line connecting the 
spray chamber and condenser was well-lagged with a positive 
elope to the condenser provided. 
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During this period of the Investigation, preparations 
were concluded for the proper analysis of the product If It 
should attain residual solvent oonoentratlone of the order of 
2 per cent or less. The determination of concentration of 
mixtures which contain less than about 5 per cent trlchloro-
ethylene by the specifIc gravity variation is relatively 
worthless for several reasons. 
First, the decrease In specific gravity with increasing 
per cent oil in this range is quite small; the change between 
95 and 100 per cent oil amounts to only about 0.016 units of 
specific gravity. Thus, relative chance of error for a unit 
change in concentration is fairly high. 
Second, the base specific gravity of the oil itself be­
comes extremely Important within these high concentrations of 
oil, variations from 0.926 to 0.9^ ''0 being not uncommon. The 
value depends upon several factors which are lost to control 
at this stage in the life of the oil, such as the duration of 
growing season of the plant, climatic conditions prevailing 
throughout the season, the seed strain, pre-extractlon treat­
ment, and others. Thus, a curve of specific gravity versus 
weight per cent oil based on one pure oil density obviously 
vrauld be inaccurate at high concentrations of an oil whose 
density varied considerably from the chart value for 100 per 
cent oil. 
Third, the viscosity and surface tension effects, although 
the latter is of minor importance, tend to promote Inaccurate 
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determlnatlone by the usual V/estphal balance procedure. 
A colorlmetrlc method, based upon a procedure developed 
by Pujlwara (39) for estimating chloroform In animal tissue, 
was adopted and modified earlier by the writer (13) to yield 
dependable and accurate results when applied to the determina­
tion of trlchloroethylene In soybean oil. The preparation of 
standard samples and the procedure to be followed In conduct­
ing an analysis were stated and need not be repeated here. A 
single clange In the permanent standards used In the present 
work Involves the substitution of water-soluble eosln for 
potassium dlchromate. Such standards were prepared to repre­
sent trlchloroethylene concentrations In the oil of 0.02, 
0.05, 0.09f 0.l6, 0.21, 0.31, 0.45, 0.66, 0.87, and I.37 per 
cents by weight. 
The operation of the equipment which now contained the 
Interior steam coll was much the same as before. Six more 
runs were completed and many others started only to be dis­
continued because of plugged nozzles, vacuum leaks, steam 
failures, motor and pump trouble, and similar mechanical 
difficulties. 
The product from Run 7, containing only 7.8 per cent 
residual solvent, was a definite Improvement over that from 
earlier runs. In general the runs of this series Indicate 
some benefit was being obtained from the additional heating 
surface. Another factor possibly contributing to the better 
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results of these runs may have "been the presence In the mls-
cella of email amounts of water. 
While It was early realized that the tremendous increase 
in area per unit volume of miscella attained by atomization 
should offer correspondingly large increases in heat and mass 
transfer, as compared with the conventional filming methods of 
desolventization, doubt had always existed as to the complete­
ness of solvent removal possible without the aid of some inert 
dessicant or carrier such as steam. Although it was intended 
to study the effect of the use of steam addition later, the 
addition of steam through the presence of water in the miscella 
at this time was unintentional. While the stripped oil from 
Run 7 was water-free, the condensed solvent used to prepare 
the next feed miscella contained a little water, emulsified by 
the entrained oil, resulting in the feed for Run 8 containing 
an equal amount of water. Similarly, the condensate from 
Run 8 was noticeably wetted, and in turn was used to prepare 
feed miscella for Run 9- In this manner, while the condensate 
became progressively higher in water content, the feed mis­
cella for each succeeding run correspondingly became more wet. 
Hydration of phosphatides initially present in the oil had 
evidently advanced to completion before its acquisition by the 
writer, since no appreciable deposition of sludge was noted. 
The presence of this water in the feed was probably 
responsible in part for the better products obtained for 
Runs 7 through 12. Apparently the newly-installed interior 
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ooll was leaking steam into the chamber vflaloh appeared with 
the solvent condensate at the conclusion of each run. As the 
feed passed through the heat exchanger under pressure suffi­
cient energy was added to enable the liquid water to change 
state upon flashing through the nozzle so that some steam 
stripping then occurred. While the deliberate addition of 
water to miscella prior to desolventization would not be 
practical unless a lecithin recovery operation existed in the 
process, the desirability of stripping steam as an adjunct to 
atomization seems evident. Because of the presence of water 
in the feed in Runs 7 through 12, some error must exist in the 
values of oil concentration as recorded from the observed 
specific gravity data. Excepting Run 12, however, the error 
was believed to be negligible. 
Beginning with Run 9» the product oil was retained in a 
separate container and the trichloroethylene condensate mixed 
back in the feed container. As only a portion of the initial 
miscella was used up in each of these runs, the feed for each 
successive run became progressively weaker in oil and more 
concentrated in solvent and water. Both the increasingly 
lightened color of the feed and the greater emulsification of 
the condensate indicated additional water was gradually being 
acquired. In all runs the product oil obviously contained no 
water, giving assurance that complete vaporization of the feed 
water had occurred. 
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Table 6 summarizes the data and partial results of Runs 7 
through 12. Attention Is called to the marked Increase In 
quality of the product. Because of the presence of water In 
the system, It was not considered entirely worthwhile to 
meticulously record the feed rate. At this time, the rate was 
still being controlled by observing the decrease In the feed 
tank liquid level. The more successful method of observing 
the rate of weight decrease awaited a flexible connection be­
tween the feed tank and pump suction line. This connection 
was required to xiilthstand the combined onslaught of the oil 
and solvent and presented quite a problem. A decided handicap 
existed throiighout most of the range of preliminary studies In 
that because of nozsle clogging little positive control of the 
feed rate was available. 
Before proceeding with more runs, the Interior heating 
coll was repaired and a thick hard accumulation of baked oil 
scale removed from Its surface. The procedure for Runs 13 
through ^ 1 approximated that given for the preceding group. 
Mlscella was still Injected Into the bottom of the chamber In 
an upward direction while the product drain line was centered 
In the bottom of the vessel. Beginning with Run 2k a flexible 
connection had been obtained and was In use between the feed 
tank and the pump. 
Theoretically, at constant Injection pressure and nearly 
constant physical properties of the feed, a given nozzle 
Table 6. Summary of data and partial 
reaulte from Runs 7 throiigh 12. 
Run 
No. 
Pump 
Pressure 
(pslg.) 
Vacuum 
(in.Hg) 
Hlscella 
(Per cent 
oil) 
Product 
(Per cent 
oil) 
Misoella 
Temp. 
(°F.) 
Vapor 
Temp. 
(°F.) 
Vaporization^  
lb. vapor 
lb. feed Per cent 
7 50 21.3 35.6 92.2 240 208 0-614 95.4 
8 100 21.4 23.8 92.6 238 189 0.743 97.5 
9 100 19.4 24.0 86.2 225 169 0.722 95.0 
10 100 22.2 19.6 85.7 226 156 0.771 96.0 
11 100 20.2 19.0 98.8 226 177 0.791 97.7 
12 100 22.2 18.0 96.0 220 163 0.812 99.1 
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should deliver about the same rate of flow Irrespective of 
the day of the vreelc or the personality of the operator. That 
such was plainly not the case can only have resulted from 
variable restriction of flow due to clogging of the strainers 
or nozzle orifice (see Table 8). 
At this point In the preliminary studies Nozzle 2 was 
still being used while a search for a better, relatively non-
clogging type proceeded. As has been mentioned elsewhere, 
the rotating disc atomizer not only produces the most uni­
formly fine particles and evenly dispersed pattern but, more 
Important, is practically non-clogging. However, not only 
would a necessarily larger spray chamber have been required 
but the Immediate knowledge of the requirements then did not 
warrant trial of this rather costly device. 
The lack of dependability, or momentary lessening of the 
flow of feed, accounts for the poor correlation of other 
factors with the injection pressures. This clogging of the 
spray nozzles in spite of precautions observed in providing 
seemingly adequate strainers resulted in many runs being shut 
down by a plugged orifice. 
There are two probable causes for this trouble. First, 
the clogging might have arisen from thin scale and films from 
the short section of pipe dovmstream from the last strainer 
loosening and getting into the nozzle when feeding was resumed 
after a shutdown. Second, the nozzle construction, built 
Table ?• Summary of data and partial 
results from Runs 13 through 23* 
Run 
No. 
Pump 
Pressure 
(peigO 
Vacuum 
(in.Hg) 
Mlscella 
(per cent 
oil) 
Product 
(Per cent 
oil) 
Mlscella 
Temp. 
(°F.) 
Vapor 
Temp. 
(°F.) 
Vaporization 
lb. vapor 
lb. feed Per cent 
13 100 22.6 20.9 78.8 l&ll- 19^  0.7^ 5 9^ .2 
li^  50 22.9 20.8 80.9 2^ 2 213 0.7^ 3 93.8 
15 100 23.2 21.2 
< 
77.6 239 200 0.727 92.^  
16 50 22.^  21.2 80.1 251 230 0.735 93.3 
17 100 22.1 23.3 75.9 239 205 0.693 90.4 
18 50 22.1 23.3 83.8 253 232 0.722 9^ .2 
19 100 22.0 22.7 71.1 215 200 0.681 88.2 
20 50 22.0 22.7 7^ .5 2iH 216 0.695 90.2 
21 6o 22.3 22.7 79.1 212 232 0.713 92.3 
22 4o 23.9 22.7 75.1 227 2^ 3 0.698 90.4 
23 100 23.2 21.7 83.3 235 212 0.739 94.4 
Table 8. Summary of data and partial 
results from Runs 24 throiigh 4l, 
Pump 
Run Pressure Vacuum 
No. 
(psig.) (in.Hg) 
Feed 
Hate 
(ib./min.) 
Htscella 
(Per cent 
oil) 
Product 
(Per cent 
oil) 
Mlscella Vapor 
Temp. Temp. 
(°F.) (°F.) 
Vaporization 
lb. vapor Per cent lb. feed 
24 loo 20.0 0.20 23.8 85.3 235 208 0.721 84.6 
25 100 21.0 1.08 22.3 67.1 230 189 0.668 86.0 
26 75 21.4 0.39 22.3 77.3 232 219 0.719 92.5 
27 100 18.0 0.78 22.5 65.7 239 203 0.658 84.9 
28 100 17.9 1.45 22.5 75.1 247 205 0.701 90.5 
29 100 17.0 0.99 20.8 65.5 250 205 0.682 86.2 
30 75 14.3 0.80 19.1 55.3 246 210 0.654 80.9 
31 75 17.1 1.10 20.9 64.5 248 210 0.676 85.5 
32 100 19.0 1.20 21.5 78.9 235 198 0.727 92.6 
33 75 21.0 1.00 21.5 79.3 223 205 0.729 92.9 
34 100 20.0 2.70 21.5 73.5 196 199 0.707 90.1 
35 50 22.1 1.05 29.3 88.9 242 206 0.670 94.8 
36 100 23.4 1.91 15.2 71.5 219 162 0.787 92.9 
37 75 23.3 1.87 15.2 72.5 221 187 0.790 93.2 
38 100 23.0 3.67 20.0 65.5 198 167 0.694 86.8 
39 50 23.5 1.69 20.0 75.6 227 187 0.735 91.9 
4o 50 23.0 2.63 20.0 71.3 223 183 0.719 89.9 
41 50 22.2 0.72 21.7 76.6 235 208 0.717 91.7 
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around the whlrlgulde piece In the cylindrical chamber ahead 
of the orifice provided a singularly unique trap for the 
progressive building up of fines. That this supposition has 
some basis In fact. Is enhanced by the manner In which the 
feed rate was controlled. To maintain constant pressure In 
most cases required a gradual Increase In the opening of the 
by-pass valve, which permitted compressed feed to recycle back 
to the feed tank. This rather clearly points to the existence 
of a cumulative condition of some sort In the system, very 
probably this slowly Increasing deposition of fines In the 
nozzle. 
In the light of the above It appears evident that the 
ratio of the difference In Initial and final volumes or 
weights of feed mlscella to the total run time, can only be 
some average value. Thus, when a clear nozzle spraying at a 
given constant pressure progressively becomes restricted the 
output Is likewise decreased. This should be borne In mind In 
Interpreting the discussion and conclusions to follow. 
The final work with the preliminary apparatus took up the 
problem of stripping steam and methods of applying It to the 
particulate system. Since the two-fluid nozzle Is used In 
many spray drying operations to admix heated air or dry steam 
with the feed before atomlzatlon, It was decided to test the 
applicability of such a unit In the present work. This nozzle 
Is so constructed that both the feed and desslcant fluids 
enter the assembly separately and have Imparted to them a high 
1^0 
degree of designed turbulence prior to contact. In the mixing 
chamber immediately behind the orifice the fluids Join in a 
violently swirling mass and issue from the orifice completely 
diffused throughout each other. 
Despite the apparently ideal suitability of the two-fluid 
nozzle for general applications, in this work the unit was not 
practical since a nozzle which would operate well at the low 
rates demanded by the size of the spray chamber xms not avall-
alDle. The smallest unit manufactured (Spray Engineering type 
4BM) had a gas Jet orifice 0.063 inches in diameter and a 
liquid Jet orifice of 0.089 inches. 
As direct use of this nozzle was out of reason, the 
liquid or mixture orifice was reduced to 1/32 inch by drilling 
out the cap, tapping for a plug, and drilling a smaller hole 
in the plug. This resulted in the pressure drop from either 
the mlscella or steam inlets across the new orifice being so 
great that flow control was impossible. Either the steam 
baclced up in the mlscella line or the mlscella forced its way 
into the steam line, effectively fouling the respective line 
and eventually plugging the nozzle. Attempts to work with 
No. 3 nozzle were abandoned pending securing a chamber of size 
sufficient to permit use of the unit under designed capacity. 
The next best method of contacting the mlscella with 
steam was in the atomized state within the flash chamber it­
self. At this time feed was still being introduced through an 
opening in the bottom of the chamber. Several attempts were 
1^1 
made to inject line eteam through a separate bottom opening» 
both from an open pipe and through a spray nozzle, but In 
every case most of the steam Immediately condensed upon enter­
ing the chamber and appeared as water from the product line. 
It was decided to spray the mlscella down from the top of 
the chamber rather than up from the bottom. Such a move 
appeared Justified since if the injection of steam became a 
workable matter, there would then prevail approximately 
countercurrent stripping of the particles. A nozzle assembly 
was prepared which consisted of a 1/8-lnch pipe brazed to a 
center-drilled 3-inch plug and of sufficient length to allow 
Insertion to a point Just below the chamber top. The 3-lnch 
plug was screwed in the dead end of a 3-lnch tee which formed 
a permanent pso't of the vapor removal line and rested centered 
on the top of the chamber. 
In spite of these changes in the equipment the same diffi­
culty with the direct steam was again experienced upon renewed 
operation. As time-consuming failures were also attributable 
to clogged nozzles in spite of the most careful filtering 
possible, other nozzles were investigated. Nozzles No. 4 and 
5 were tested and found lacking in suitable structural 
characteristics. However, a "WhirlJet" assembly, No. 6, with 
an orifice l/l6-lnoh in diameter was somewhat more fitted to 
the rate of feed demanded by the chamber dimensions, and what 
was more important was relatively non-clogging. 
1^2 
Nozzle No. 6 was constructed as a rectangular bloclc of 
metal whose halves, along the long ax^ , were each drilled to 
form cylindrical chambers at right angles to one another. 
Each chamber was tapped to a standard 1/8-lnch pipe thread. 
The chambers, separated by about 1/8 of an Inch, were con­
nected by a cylindrical channel so placed that fluid from one 
chamber could be forced tangentlally into the bottom of the 
second. A removable orifice plug was screwed into the top of 
the second chamber while the first was fitted to the feed 
line. Thus, the assembly directed a spray at right angles to 
the axis of the feed line. 
While some clogging was experienced with No. 6, operation 
was sufficiently smoother to warrant its further study. The 
accumulation of scale and fines which did occur generally 
rested in the first chamber, ahead of the connecting channel. 
A second nozzle of the same type but two sizes larger was then 
obtained. While the dimensions of the orifice in the plug for 
the second chamber was above the maximum permitted by the rate 
requirements, the connecting channel was correspondingly 
larger. It was a simple matter to prepare additional orifice 
plugs of the desired orifice sizes and thus secure some con­
trol of the feed rate by exchanging plugs between runs. The 
important feature about this assembly, No. 7i "was that 
clogging was well reduced, apparently by the larger connecting 
channel diameter. 
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Aooumulatlon of fines and scale occurred much less 
frequently and at slower rates probably because the violent 
turbulence and whirling Imparted to the fluid In an open, 
non-restricted chamber, possessed sufficient energy to break 
up and force through the orifice those fines and scale parti­
cles which easily found their way through the relatively 
large channel between the chambers. 
It was necessary, of course, to alter the point of Inser­
tion of the new nozzle assembly to conform with Its right 
angle discharge. Entry was made at a point In the side wall 
of the spray chamber 5 Inches below the top, and the length of 
the line Inside positioned by the vertical axis of the spray 
along the centerllne of the spray chamber. With this new 
arrangement (Figure 13) completed the preliminary Investiga­
tions using direct steam were continued. 
Because of Its obvious Interference with the two streams, 
the Interior heating coll had been removed. The additional 
heat necessitated by Its removal was believed obtainable from 
the stripping steam. Use of a noazle on the steam lino was 
abandoned and the atomlzatlon could be thought of as merely 
entering a turbulent, upward-moving steam atmosphere. Since 
oondenaatlon of the steam In the chamber continued to occur, 
2 feet-8 Inches and then 5 feet of Jacket carrying 80 pound 
steam were added to the direct steam line which was operated 
at 50 pounds pressure. However, this arrangement failed to 
supply the required amount of heat for vaporizing the trl-
chloroethylene. 
As general operation at this point In the Investigation 
was wholly unsatisfactory, work was suspended and the system 
as a whole examined for mechanical and structural shortcomings. 
It ms realized that additional heat to the particles x-t&B 
required. A larger spray chamber would allow installation of 
colls to supply this heat and would also permit operation at 
higher feed rates "because of the increased vaporization space. 
A unit of larger dimensions was therefore acquired and the 
field of operations moved to the mezzanine of the West Chemi­
cal Engineering building. In expectancy of the better opera­
tion which was to come with the new equipment, it was decided 
to conclude and so name the preliminary studies which have 
been described. Before proceeding with a report of the final 
studies, there follow analyses, discussion and conclusions 
relative to the initial investigations just reviewed. 
Presentation and diecussion of data 
The examination of data appearing in Tables 5, 6, 7, and 
8 has been carried out in an attempt to ascertain those rela­
tions which might exist among the several variables. As a 
result, correlations were discovered which are presented and 
discussed in succeeding pages. 
The direct effect of the rate of feed on the system could 
not be observed prior to Run 2^ , since no reliable scheme had 
1^5 
been devised for metering the flow rate. However, for a con­
stant Jacket steam pressure the feed rate through the heat 
exchanger to the nozzle was Indicated in a relative manner by 
the mlBcella temperature. For Runs 2^  through ^ 1 a record of 
the decrease In weight of the feed tank over the period of each 
run afforded average values of the corresponding feed rates. 
Thus, only Table 8 contains thla Information directly. 
It will be recalled that additional heating colls were 
added to the Interior of the spray chamber following Run 6. 
Figure 1^  shows the effect of the added heat on the relation 
between the vapor and mlscella temperatures. For example, at 
a feed rate which permitted the mlscella to be heated to 
230° F. the temperature of the vapor flashing from this feed 
was about l46° F. With the supplementary heat of the new 
colls, the same conditions resulted In a gain In vapor temper­
ature of 35® F., or, the reading became 181° F. 
That this extra heat materially bettered the quality of 
the product Is at once apparent upon comparison of the product 
concentration columns In Tables 5 and 6. For example, the 
amount of oil In the yield rose from around 70 to more than 
90 per cent for Runs 7 through 12. 
For the range of conditions examined In Rune 7 through 
12, the linear relation 
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misoella temperature H. At decreased mlscella rates, or in­
creased feed temperatures it shall he seen that the above 
relation departs from the linear form. 
In Figure 15 the relative variation between vapor and 
misoella temperatures had been depicted over a wider range 
than in Figure 14, and the effect of feed pressure compared at 
values of 50 and 100 pounds per square inch, pump gage. The 
pressure is defined as that at the pump gage since the heat 
exchanger, a strainer, and piping attendant with these units, 
and the nozzle assembly intervened between the pump and 
nozzle orifice. Thus, it is apparent that in attaining the 
same vapor temperature, say 190^  ^F., a miscella temperature of 
about 231° F. would obtain at 100 pounds feed pressure, and 
228° F. at 5o pounds per square inch. 
Under existing co.nditions a vapor temperature of 210® F. 
would not be attained while operating at 100 pounds pressure. 
On the other hand, from the available data no leveling-off 
period appears in the 50-pound curve. The variation in these 
relations for higher pump pressures is barely predictable. In 
other words, the position of the potential curve in Figure 15 
which would represent 150 pounds feed pressure cannot be 
accurately forecast. 
By purely deductive reasoning, one could quite logically 
suppose the pattern of such a family of pressure curves might 
appear as shown in the insert in Figure 15• Thus, a 
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theoretical maximum exists for any feed pressure, "beyond i^ loh 
the feed rate Is suoh that the total heat content In the mls-
oella decreases. The vapor temperature thereby also decreases. 
The relation of three variables, vapor temperature, mls-
oella concentration, and pump pressure, Is shown In Figure 1^ , 
At 50 pounds pressure, the expected vapor temperature could 
vary from 185® F. when feeding 20 per cent mlscella to as high 
as 2^ 0® F. for 23 per cent feed. The variable feed pressure, 
mlscella concentration, and vapor temperature are Intimately 
associated with the degree of constriction In the nozzle 
vhlch may vary the feed rate for a given pressure. 
At 100 pounds pressure the average vapor temperature ob­
tained for 20 per cent mlscella was 185® F., as before, but 
at 23 per cent only 206® F. In doubling the feed pressure at 
this concentration the vapor temperature was lowered 3^ ° f** * 
presumably by the Increased rate^  a phenomenon vdiloh should 
result from the coexistence of a constant thermal source and 
a higher mass rate. This presupposes that the mass rate had 
exceeded that value below which greater flow might Increase 
the quantity of heat absorbed through greater turbulence to a 
degree sufficient to Increase Its bulk temperature. Below 
about 20 per cent mlecella the relative positions of the two 
curves Indicate that Increased flow, by means of Increased 
pressure, probably did Increase the bulk temperature of the 
mlscella. 
The combined effects of feed pressure and mlscella 
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concentration on the feed rate are shown In Figure I7. Note 
that for 20 per cent mlscella under 50 pounds pressure, the 
feed rate vdll approximate 2.2 pounds per minute while at 100 
pounds the rate approaches 3.7 pounfls per minute, on the 
average. Now, if the concentration he increased to 23 per 
cent oil, the rate values at 50 and 100 pounds are 0.1 and 0.5 
pounds per minute, respectively. 
The increasing inflection of the curves to horizontal 
with decreasing miscella concentration indicates the expected 
approach to some maximum feed rate dependent upon the physical 
characteristice of the piunp. Quite liicely, this maximum value 
increases with increasing pressure. 
Apparently, the effect of concentration on the feed rate 
undergoes diminution with increasing pump pressure. ' The rate 
of flow of 2^  p€sr cent miscella or less, for example, under 
150 pounds pressure is dependent not on the concentration but 
on the orifice constriction. Prohiably, the asymptotic ap­
proach of the pressure curve to the maximum feed rate proceeds 
from a flatter pattern with a greater rate of decline. 
An evaluation of the capacity of the preliminary equip­
ment may be gained by a study of the curves in Figure 18 ^ leh 
indicate the quality of that product which shall result from a 
given mlsoella at 100 pounds pressure. The correlation is of 
limited value in that it involves a definite feed rate for 
each concentration of miscella. 
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If operations demanded handling of miocella at, say, one 
pound per minute, a plot such as Figure 18 would readily show 
that the average product which could be e:^ eoted would contain 
a maximum of about 77 per cent oil and result from a minimum 
concentration of feed of 22 per cent oil. 
Prom another viewpoint, continuing with our hypothetical 
process, suppose it were ascertained that the economically 
minimum miscella concentration from an extractor must be 2^  
per cent oil. Note, then, that at a feed rate of 0.2 pounds 
per minute the product should contain 86 per cent oil. 
It should be pointed out that because of the limited size 
of the equipment the rate of change of the relation of product 
quality to feed concentration for a given variation in feed 
rate appears impractically rapid. Larger equipment, specifi­
cally, increased spray chamber volume, permits wider selection 
of feed rates. In other words, very little change in the 
product would be observed for a given feed over a number of 
widely separated feed rates, 
A satisfactory correlation was obtained from data taken 
for miscella containing 20 per cent or more oil *^ ich ex­
pressed the per cent vaporization of solvent as dependent upon 
the feed rate, The data follows a pattern (Figure 19) only 
with the system under a vacuum of 19 or more inches of Hg. 
The upward trend of the curve at low feed rates, while 
not definitely indicated by Runs 2^  through ^ 1, is supported 
by the per cent vaporization values given in Table 6 for 
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preceding rime. Such inflection cannot be verified definitely, 
however, becauBe of lack of knowledge of the feed rates pre­
vailing for Runs 7 through 12. It can only be suggested from 
the data on vaporization and misoella temperatures for these 
tests that the curve very probably inoreaees rapidly as shown. 
The point describing 86 per cent vaporization at 1.08 pounds 
of misoella per minute (No. 25, Table 8) falls below the curve 
probably because of low temperature resulting from Improper 
operation of the steam trap on the interior heating coil. 
The curve in Figure 19 shows the preliminary equipment 
hopelessly ineffective as an apparatus for complete desol-
ventization at any but the most impracticably small rate of 
feed. It is unfortunate that application of direct steam to 
the particulated misoella was not possible in this spray 
chamber. 
A rather eurprising relation is shown in Figure 20, 
wherein the pounds of vapor released per pound of feed quite 
definitely varies linearly x<lth the concentration of the feed. 
The slope of the line was not unexpected; at a constant and 
sufficient thermal input there should be less trichloroeth-
ylene released as the amount of solvent in the misoella be­
comes less, simply through tliat decrease in solvent input to 
the system. That the correlation arranges itself as a 
straight line is unexpected. No correlation was found at 
lower feed pressures. 
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Under a vaouum of 20 Inches of Hg, mleoella containing 
20 per cent oil bolls at about 52.5® The latent heat of 
vaporization of trlchloroethylene at this temperature Is 
about 112 Btu. per pound, according to HcGovern (84). Thus, 
the heat required to vaporize the 0.8 pounds of solvent per 
pound of 20 per cent feed injected near Its boiling point 
amounts to 89.5 Btu. Similarly, at the same rate, 91*8 Btu. 
are absorbed at 18 per cent feed, 90.7 at 19 per cent, 88.5 at 
21 per cent, 87.4 at 22 per cent, and so forth. It can be 
readily shown graphically that this relation between thermal 
requirement and concentration Is also linear. 
Regarding the experimental work on the preliminary equip­
ment following Run 4l, prior discussion has already pointed 
out two important facts: it was concluded from these first 
runs that a stripping agent was quite evidently necessary, and 
th8.t If direct steam were to be so used a method of super­
heating It superior to any tried up to that time must be found. 
Final Studies 
Materials 
The soybean oil, trlchloroethylene, and mlscella used In 
the final studies were obtained from the sources previously 
listed under "Preliminary Studies." Process steam, direct and 
Indirect, was drawn from the College mains at 70 to 100 pounds 
per square Inch gage. The direct steam was superheated by 
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means of a gas burner arrangement, later described, which drew 
both heating gas and air from the College supply lines. 
Equipment 
The apparatus used In the final studies was located on 
the east mezzanine of the West Chemical Engineering building 
at Iowa State College. The mlsoella feed pump and heat ex­
changer were the Identical ones used in the preliminary 
studies and previously described. 
Spray nozzles used were of the right-angle discharge type, 
manufactured by Spraying Systems, Inc., WhirlJet Models 1/8 A1 
and 1/8 A3. A particularly useful assembly was composed of 
the brass block of the latter model and interchangeable ori­
fice plugs, l/l6-inch and 3/6^ -inch In diameter. 
The nozzle in use was mounted on a pipe assembly which 
could be easily inserted into the chamber through a welded 
nipple. Removal for inspection was Just as simply accom­
plished. Connection of this assembly to the main feed line 
from the pump and heat exchanger was secured by a standard 
1/^ -inch pipe union. The assembly is shown in Figure 21. 
The spray chamber was formed from a cone-bottom tank 
built of 1/4-inoh steel plate and supported above the floor by 
3 welded legs. Dimensions included 2 feet inside diameter 
over 4 feet of vertical height, with the cone converging to a 
2-lnch welded pipe nipple over another foot of vertical height. 
This chamber represented a volume increase of about four times 
l6o 
Fig, 21. Spray nijzzle assembly 
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over the deeolventlzatlon space used for the preliminary 
studies. The top of the chamber was flanged by welding on a 
29 by 24.5-lnch circle of 5/l6th plate. The flange was 
drilled on 2.5 centers for 3/8-lnoh bolts to affix the cover 
plate which was cut circularly from 1/8-lnch plate and pre­
pared with appropriate flanging to receive two 6-lnoh Pyrex 
sight glasses spaced equidistant across a diameter. Gaskets 
between flange and cover were cut from ordinary compounded 
asbestos steam sheets. 
Pipe nipples welcled to the spray chamber included those 
described below. Four inches from the top a threaded 
6 X li-inch nipple formed the entry for the nozzle assembly 
and connecting pipe (Figure 21). The latter extended to the 
vertical axis of the chamber and connected with the above 
nipple by means of a standard r|-lnch cap brazed to the nozzle 
pipe. Two more 6 x li-lnch threaded nipples were welded into 
the cone, midway in its slant height and diametrically opposed. 
These units were to receive 3/8-lnch pipes carrying the super­
heated direct steam into the interior of the chamber. Their 
arrangement and position are shown in Figure 22. 
The superheater for stripping steam, used in the miscella 
inins following testing of the new chamber, consisted of a 
vertical 4-foot length of standard 2i^ -inch pipe, holding a 
standard tee at the top and terminating in a 90-dGgree ell 
which rested on the mezzanine floor. The pipe and fittings 
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Pig, 22. Direct steam piping to spray chamber 
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were Insulated with one-Inch magnesia pipe covering. The tee 
extended Into a galvanized sheet metal pipe which carried away 
the comhustlon gases of the burner. The latter was a blast 
type, shop-formed for use In the Chemical Engineering Depart­
ment laboratories. The flame was directed Into the horizontal 
opening of the ell. 
The path taken by the direct steam led from the main 
through a centrifugal moisture trap, past a 3/8-lnch Hancock 
Flocontrol valve, and into a close U-bend of 3/8-lnch pipe. 
This loop was suspended within the 2^ -lnch superheater 
chamber. The steam was valved into the loop at the top of one 
leg, acquired superheat in passing down and back up the other 
leg, and then was passed directly to the pipes leading Into 
the interior of the spray chamber. For safety and closer con­
trol the high pressure steam was expanded through a valve and 
approached chamber pressure before entering the superheater. 
The vapor exited from the spray chamber through a 2-lnch 
line which led to a condenser. Originally, only this one con­
denser was available to hs.ndle the vapor load, but in later 
runs a second unit xvas added in series with the first. Vacuum 
was drawn through the vent line of the original condenser at 
first, and with the addition of the series unit, through the 
latter's vent. An oil-seal pump and a Nash-Hytor unit were 
piped in parallel in,order that creation of the required 
vacuum might be reasonably assured. 
Approximately 85 feet of 1/2-lnch copper tubing were ex­
panded In a continuous coll against the Inner wall of the 
upper two feet of the spray chamber. At this elevation little 
of the pattern of atomlzatlon Impinged directly on this Inte­
rior heating coll. Entry for steam supply and exit for steam 
condensate were provided through the usual nipples welded Into 
the chamber. The whole exterior of the chamber, Including the 
cover plate, was well-lagged with li^ -lnch magnesia blocks. 
The vapor line was Insulated from the cover plate to the vapor 
Inlet Into the first condenser. All steam lines were covered 
with the exception of the loop carrying direct steam through 
the superheater. 
The 2-lnch outlet from the bottom of the cone allowed the 
product to drain through a reducing coupling and a 3/^ -lnoh 
gate valve Into a glass carboy. Such an arrangement permitted 
visual following of the course of the product flow. 
Thermometers were placed In the mlscella line at the exit 
from the heat exchanger. In the vapor line at its exit from 
the top of the chamber. In the cone region of the chamber It­
self near the product outlet, and In the superheated steam 
line Just before expansion Into the chamber. Vacuum gages 
were located In the vapor line directly above the chamber as 
well as In the vent line from the final condenser. Pressure 
gages on the mlscella line were located between the pump and 
the heat exchanger, and between the heat exchanger and the 
nozzle assembly. Steam gages Indicated the pressure to the 
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Fig. 23, Equipment assembly, front view 
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Pig. 2^ . Equipment assembly, top, front view 
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Fig. 25. Equipment assembly, top, J^ 'sar view 
Fig. 26. Direct steam superheating chamber and burner 
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heat exchanger, held to 70-75 pounds, and the pressure in the 
direct eteara line Immediately preceding the Flocontrol valve. 
Condensed solvent vapor and stripping steam v/ere xirlth-
drawn from only the initial condenser at first and later from 
the series unit also, after this had been added. The initial 
condenser Included a collecting cl^ aiaber as an Integral part of 
its construction, but provision had to be made to receive the 
condensate from the second condenser in a gallon bottle. 
Figures 23 through 26 depict the general arrangement of 
the spray chamber, condensers, heat exchanger, and feed system. 
Procedure for trlchloroethylene rune 
Following completion of the new apparatus several trial 
runs were made using pure solvent to clean out the equipment 
and to provide preliminary operational Information. 
As was the practice in all mlscella runs recorded, the 
feed rate was accurately determined in the initial trlchloro­
ethylene runs by weighing feed Into the pump supply tank be­
fore and during each run, and weighing the residuum In the 
feed tank and pumping system after a recorded pumping time. 
The first test operation of the assembled apparatus in­
volved simply pumping solvent through the cold heat exchanger, 
to accomplish atomizatlon at the nozzle and subsequent with­
drawal of a large majority of the coalesced particles from the 
chamber bottom Into the product carboy. Very little trl­
chloroethylene was vaporized over into the condenser. 
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The following day heat was admitted to the chamber 
Interior colls and to the feed heat exchanger, and vacuum ap­
plied to the system. Approximately 2 gallons of solvent were 
heated under 75 pounds pressure from room temperature to about 
2^ 8° P. to yield a vapor temperature of 136° P. under a 
20-lnch vacuum. Around 70 per cent of the feed was vaporized 
during the untlmed Interval. Observation of the chamber 
Interior through the sight glasses revealed that a finely 
divided spray was obtained over a well dispersed conical pat­
tern. No direct steam was added during these preliminary runs 
using pure solvent. 
The spray pattern was observed to be turbulently destroyed 
after about li feet of particle travel. Over this distance 
the Initially high particle velocity commanded a straight line 
path from the nozzle orifice. Since neither the vapor line to 
the condenser nor the chamber cover plate were Insulated at 
this time, refluxlng from the vapor offtake readily occurred 
during these clean-out runs. 
Following completion of this Insulation, a nozzle assem­
bly consisting of a l/l6-lnch orifice plug In the No, 1/8 A3 
box, Nozzle No. 7» was prepared and the first formal runs were 
begun to ascertain the capacity of the system in terms of pure 
solvent. Pure trlchloroethylene composed the feed for these 
first nineteen runs. 
Absorption In cold water of the discharge from the traps 
on the heat exchanger and on the Interior colls enabled an 
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estimation of the heat load on each unit. Excepting the 
direct steam, later used In the mlscella runs, no other heat 
was added to the systejn. The heat requirements were calcu­
lated on the "basis of a 10 per cent loss through Insulation 
for all runs. 
Runs 1 through 13 utilized Nozzle No. 7 with a l/l6-lnch 
orifice plug. Direct as well as certain calculated data from 
the first twelve runs are reported In Table 9- The per cent 
loss of trlchloroethylene was obtained on the basis of a 
material balance over the weights of feed, product, and solvent 
condensate. This unaccountable quantity could only have been 
withdrawn from the condenser through the vent line to the 
vacuum pump, whence It was wasted. This lose is discussed 
later. 
In general, operation proceeded more smoothly at feed 
pressures around lOO pounds per square Inch. Often, operating 
at 5o pounds, surging was observed In the atomlzatlon, as 
evidenced by the visibly changing rate and spray pattern. 
Too, at these times, the bypass line from the pump back to the 
feed tank became warm. Quite probably In such cases the vapor 
pressure created In the heat exchanger was sufficiently re­
stricted by the nozzle orifice to alternately overcome the 
pump head and force hot solvent back through the bypass or to 
cause a mixture of vapor and liquid solvent to Issue through 
the orifice. 
Because of the high solvent loss during the Initial 
Table 9. Smamary iahd partial results of data from 
Runs 1 tlirough 12, using pure solvent as feed. 
No. 
Flow Rates 
(ib./min.) Per 
cent 
Evap. 
Feed 
Preeo. 
(pslg.) 
Temperatures 
(°P.) Vacuum 
(in.Hg) 
Indirect Steam 
(lb./lb. 
trl.vapor) 
(lb./lb. 
feed) 
Press,, 
(pslg.) Feed Vapor Feed Vapor Chsimber 
1 1.27 1.19 93.7 75 28^  158 20.5 
2 1.61 1.^ 1 87.7 50 279 156 19.0 
0.608 3 1.32 1.21 91.1 50 273 156 131 19.7 0.533 52 
2.97 2.07 69.9 75 280 153 121 19.^  0.27^  0.191 60 
5 1.59 90.5 75 291 160 123 19.2 0.319 0.288 61 
6 3.18 1.83 57.^  75 253 1^ 7 120 19.6 0.292 0.168 kQ 
7 2.75 1.77 6i*.6 75 275 152 120 19.2 0.3^ 3 0.222 57 
8 2.77 1.95 70.3 75 282 155 121 19^ 2 0.256 0.181 66 
9 2.8^  ii87 65.9 75 282 158 122 18.8 0.278 0.183 66 
10 3.05 1.96 6k,3 75 266 138 121 190 0.291 0.18? 67 
11 2.88 1.72 59.9 75 285 158 129 17.0 0.3^ 5 0.206 72 
12 2.72 2.05 75^5 100 269 151 125 18.2 73 
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twelve runs the second condenser, previously described, was 
piped In series with the original unit. Continued operation 
according to the same procedure yielded the data reported In 
Table 10 for Runs 13 through 19. Beginning with Run l4, a 
3/6^ -lnoh nozzle orifice replaced the original l/l6-lnoh 
diameter opening. 
The addition of the second condenser helped decrease the 
loss of solvent considerably; as little as half the quantity 
previously lost was now observed to disappear. Later discus­
sion brings up the question of whether the beneficial effect 
was due to more cooling surface, or to Increased coalescing 
surface, or both. 
Apparent Improvement In the range over which the feed 
rate varied at a constant pressure seemed a consequence of the 
slightly smaller orifice. At 100 pounds per square Inch the 
maximum and minimum rates deviate only about 5 per cent from 
an average figure, while at .50 pounds feed pressure a similar 
range shows less than 3 per cent variation from the corre­
sponding average feed rate for the group. 
The Initial nineteen runs In which trlchloroethylene 
alone was used as feed were made to gain some idea of the 
thermal capacity of the new equipment as a whole. The manner 
of variation of the pounds evaporated with the pounds fed, the 
relations existing among the steam requirement and several 
operational factors, as well as various mechanical character­
istics of the apparatus Inherent in the final semi-pilot plant 
Table 10. Summary and partial results of data from 
Runs 13 through 19# using pure solvent as feed. 
Run 
No. 
Plov Rates 
(Ib./min.) Per 
cent 
Evap. 
Feed 
Press. 
(pslg.) 
Temperatures 
(°F.) Vacuum 
(In.Hg) 
Indirect Steam 
(lb./lb. 
trl.vapor) 
(lb./lb. 
feed) 
Press, 
(pslg.) Peed Vapor Feed Vapor Chamber 
13 2.63 1,71 100 264 149 119 19.5 0.270 0.175 76 
14 2.86 1.86 65.0 100 255 161 115 20.2 0.220 0.143 72 
15 2.91 1.79 61.4 100 262 160 116 20.2 0.245 0.150 77 
16 3.17 1.98 62.4 100 259 157* 117 20.0 73 
17 2.^ 8 1.66 66.8 75 270 167 117 20.5 0.267 0.179 72 
18 2.63 1.62 61.5 75 273 167 117 20.0 0.278 0.171 73 
19 2.53 1.52 60.0 75 271 160 115 19.7 0.292 0.175 74 
175 
model, were Inveatlgatecl before actually Injecting mleoella 
Into the eyetem. 
A presentation of the correlated data and calculations 
for these runs (1 through 19) Is presented at this time prior 
to the final work with mlscella In order to give a better 
under (standing of the capabilities and limitations of the 
apparatus. 
PlBCUssion of trichloroethylene rune 
The preliminary work with trichloroethylene made available 
data from which the performance of the equipment could be 
evaluated. For example, some idea of the thermal capacity of 
the equipmeiit was gained in comparing the rates of vaporiza­
tion and of feed. The pounds of solvent vaporized per minute 
were seen to vary from between values of 1.17 and 1.85 for 
respective feed rates of 1.2 to 3.2 pounds of solvent per 
minute. 
Since trichloroethylene boils at about 126.5° F. under a 
vacuum of 20 inches, the required latent heat for the vapori­
zation process is 112 Btu. per pound of vapor. It is assured, 
then, that at least (3.2)(112) « 358 Btu. per minute may be 
had from the system. Note in Tables 9 and 10, however, that 
the average temperature of the vapor was about l6o° F., or 
some ^ 0 degrees higher than the predicted boiling point. There 
evidently was supplied to the vapor about 4o degrees of super­
heat, or an additional (3.2)(0.225)(160 - 120) = 29 Btu. per 
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minute which could conceivably have come only from the chamber 
colle. One may assume from the foregoing that the equipment 
le capable of transferring at least ^ 00 Btu. per minute to the 
solvent. 
That the atomlr.ed particles quickly reduce their tempera­
ture from that of the liquid In the heat exchanger to the 
boiling point under chamber conditions Is borne out by the 
chamber temperatures. Thus, through evaporative cooling, the 
droplets decrease as much as 130 degrees In temperature. The 
value of about 120° F., Indicated by the chamber thermometer, 
Is. considered In good experimental agreement with the afore­
mentioned boiling point of 126.5® F. This thermometer was BO 
positioned In,the spray chamber cone that It definitely con­
tacted unevaporated liquid solvent particles. 
The relations of vaporization rate and per cent vaporiza­
tion to the feed rate have been given In Figure 2?. An opti­
mum performance le Indicated at the Intersection of the two 
curves vrhereln solvent was evaporated at the rate of about 
1.51 pounds per minute equivalent to about 75 per cent of the 
solvent fed to the nozzle. One further conclusion should be 
stated from Figure 27* 'When the rate of solvent feed was In­
creased 167 per cent, or from 1.2 to 3«2 pounds per minute, 
the rate of vaporization was Increased only 73 Per cent, or 
from 1.17 to 2.02 pounds per minute. Thus, the effective 
vaporization over this range of feed rates decreased from 
about 99 to 63 per cent of the total feed. 
Vaporization rate - jpounds per rain. 
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The effect of the diameter of the nozzle orifice on the 
relation between feed and vapor temperatures may be seen In 
Figure 28. For example, at a feed rate such that the solvent 
temperature was 265® F., vapor temperatures of 149.6° P. and 
160.8® P. were obtained respectively for l/l6-lnoh and 3/64-
Inch orifices. Thus, decreasing the aperture by l/64th-lnoh 
altered the characteristics of the spray In a manner to cause 
an Increase In the vapor temperature of 11.2° F. 
Although Tables 9 and 10 show that the smaller orifice 
restricted the feed rate from 0.2 to 0.5 pounds per minute 
at 75 pounds pressure, the feed temperature was lowered some 
10 degrees. However, the vapor temperature showed an Increase 
of about 10 degrees over the values from the larger orifice. 
Strangely enough, operations proceeded more smoothly with the 
smaller orifice. Because of this, the 3/64-lnch nozzle was 
retained for use with the mlscella runs. 
Further economy through use of the small nozzle Is demon­
strated by Figure 29. Note that the same pounds of vapor were 
produced per minute, say a value of 1,8, with steam consump­
tions of 0.153 pounds per pound of feed for the small orifice 
and 0.206 for the l/l6-lnoh diameter nozzle, a saving In steam 
of about 26 per cent using the 3/64th orifice. The spray 
characteristics were obviously Improved with the smaller ori­
fice to effect a much better vapor efficiency, probably be­
cause of a larger number of smaller particles per unit of feed. 
Figure 30 Indicates that the smaller diameter orifice 
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gave the same vaporization rate at a lower feed temperature 
than obta.lned with the larger nozzle, thus supporting the data 
In Figure 29• 
With oompletlon of the preliminary rune using pure trl-
ohloroethylene, the final apparatus was turned over to the 
mlscella desolventlzatlon studies. 
Procedure for misoella runs 
The eteam to the Interior colls ordinarily remained on 
but if for some reason It had to be turned off, from ^  to 6 
hours were allowed after turning it back on for the chamber to 
come to thermal equilibrium. From 8 to 12 pounds of cold 
mter were added to each of two palls which were then placed 
near the eteam condensate exits from the misoella heat ex­
changer and the spray chamber coils. The steam valve to the 
heat exchanger was cracked to allow a five minute warmup 
period in reaching maximum steam pressure. 
The spray nozzle pipe assembly and orifice were checked 
for scale, Inserted into the spray chamber, and connected to 
the main feed line from the heat exchanger. The product 
receiver was tared and connected to the drain line from the 
chamber. The thermometer which indicated the chamber tempera­
ture, removed after each run for safety because of its posi­
tion, was inserted. After closing the solvent condensate 
drain from the first condenser and connecting a gallon receiver 
to the bottom of the second condenser the vacuum pump was 
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turned on. Using the Nash-Hytor unit, operating vacuum could 
be obtained In 30 seconds. 
From 80 to 100 pounds of mlscella were weighed Into the 
feed tank for runs utilizing a 20 per cent feed and from ^ 8 to 
50 pounds for 80 per cent runs. These quantities were limited 
by the capacity of the product receiver. Approximately 25 cc. 
of sample were withdrawn from the thoroughly mixed charge In 
the feed tank and retained In a sealed bottle for future feed 
analysis by specific gravity. The cooling water was admitted 
to the condensers and the feed pump started, bypassing the 
entire delivery back to the feed tank. 
About 30 seconds before beginning the actual timed run, 
the hoses from the traps on the heat exchanger and colls were 
submerged In their respective water buckets. The bypass mls­
cella line from the pump to the feed tank was then throttled 
down while simultaneously opening the main pump line to the 
heat exchanger. This procedure occupied some 15 or 20 seconds. 
Thus, the run was begun. The predetermined operating 
pressure was adjusted immediately by Increasing or decreasing 
the degree of closure of the valve on the bypass line. G-age 
and thermometer readings were recorded at intervals of from 
2 to 4 minutes; the spray pattern was observed through the 
sight glasses at each reading. 
Bach run was concluded by permitting the pump to exhaust 
the contents of the feed tank to within 1 or 2 pounds of 
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dryness. The residue was then drained from the tank and pump, 
weighed, and subtracted from the total charge. The steam 
condensate buclcets, disconnected after releasing the vacuum 
at the termination of pumping, were weighed and the gain re­
corded. The product receiver xjslb weighed, and recorded. The 
weights of the contents of both condensers were also noted. 
Analysis of the product was carried out on a 25 cc. sample 
withdrawn from the product receiver. 
At the conclusion of the first three runs, as the product 
showed no Indication of Improving, operations were suspended 
to connect the necessary piping for the provision of super­
heated steam. The arrangement has already been described. 
Few changes In procedure were required by the new operation. 
From 30 to 40 minutes were required for the output of the 
superheater to come to an equilibrium and during this time the 
steam was exhausted to the room at the rate at which It was to 
be admitted to the chamber. 
Several runs were attempted during which the direct steam 
was turned Into the chamber before having begun atomlzatlon. 
In every case It became Impossible to force mlscella through 
the orifice. The reason for the constriction was readily 
observable upon examination of the orifice plug. Minute 
quantities of mlscella left adhering to the feed line were 
drawn to the nosszle when the vacuum was turned on. Then, when 
superheated steam at 600® to 650° F. was entered into the 
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chamber the small cone of oil which had formed congealed in 
the orifice. This plug could not be driven through when the 
miscella was turned on. The solution to the difficulty lay in 
simply bringing the feed pump to pressure first, and within 10 
or 15 seconds, admitting the superheated steam. Only negli­
gible effect on the total product oould result from this small 
delay in initiating the stripping. 
The immediate improvement in product quality through the 
use of direct steam was indicated by desolventization from 
28.3 per cent oil to 99.85 per cent oil. In other words, the 
product was analyzed with the pyridine test to show only 0.0015 
pounds of trichloroethylene per pound of product, indicating a 
vaporization of 99.8^  ^per cent of the initial solvent. Fur~ 
ther runs using the 3/6^ -inoh orifice at higher feed rates 
gave products varying from 99*9 to 80 per cent oil, starting 
with around 20 per cent feed. 
The combination of high feed rates and an excessive 
direct steam rate, which of course was unforeseeable at the 
time, resulted in entrainment of minute oil particles over the 
vapor line into the first, condenser where an extremely stable 
emulsion of trichloroethylene in water was formed which re­
quired separation later to recover the solvent. It was ob­
served that seeding the emulsion with a few crystals of 
trlsodium phosphate would result in separation within 30 
minutes. 
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f»WL« 11. fliMiry Md partial ratidtt af dat* trm a 
9m 
lo. 
now Xataa 
(l^ ./aia.) For 
aaat 
Bwap. 
, i 
il>«r aaat oil 
! 
foaparatorot 
<•».) •aataia 
(ia.?!} 
Paap 
Prooa. 
(poig.) 
: 
(U.i 
xb. 
food; food Tapor food ]Prdt. Vood Ti^ or OhnOMr 
1 a.a8 1.37 78.0 22.7 54.1 255 170 128 20.2 75 0.21: 
2 • 1.71 1.17 84.3 18.9 58.4 283 172 133 20.1 75 0.261 
8 1.91 i.ai 78.8 19.4 52.7 268 170 129 20.7 75 0.241 
4 0.33 0.23 99.9 28.3 99.9 235 180 148 21.0 100 0.691 
5 1.32 0.98 99.7 25.6 98.7 261 233 219 20.7 100 0.221 
6 2.94 8.09 94.4 24.6 84.4 2L1 158 131 20.7 100 0.12! 
T 2.96 2.12 93.4 23,1 80.6 2L2 188 135 19^5 100 0.14) 
8 0.54 0.43 99.4 20.2 97.5 244 222 208 19.0 100 0.361 
9 2.32 1.78 94.6 19.0 80.4 226 144 133 19.0 75 0.18; 
10 2.86 1.99 93.2 19.2 77.3 a7 149 129 19.5 100 0.151 
U 2.18 1.72 96.3 18.1 85.1 244 203 158 17.5 80 o.a«j 
IS 1.93 1.52 97.1 19.1 87.5 2M 166 149 19.2 75 0.20! 
 ^A 1/8 A3 >lo(dc with a 3/84.1a0h orifiaa nai usad for Buai 1 throt^  ^11. 

Id purtlal rcMltt wf fM Bnat 1 Itodvish 
!• 
HWbev 
TMiiaaa 
(itt.m) 
Fvuq» 
ladtraot 8««mi BiTM t State 
(lb./ 
lb. 
f«»d) 
<ib./ 
lb. 
Frtta. 
(psiX.) 
l*t0 ' 
(lb./ 
•ia.) 
Piraat. 
(paig.) 
t«qi. 
(®f.) 
(lb./ 
lb. 
faad) 
(lb./ 
lb. 
ti^r) 
lae ao.a 76 o.m 0.362 80 
133 ao.i 76 o.as3 0.388 80 
139 ao.7 78 0.340 0.378 74 
148 a.o 100 0.896 0.700 80 0.980 80 837 a. 810 3.740 
219 ao.T 100 o.aas 0.304 80 0.753 80 885 0.570 0.788 
m ao.7 100 0.127 0.178 70 0.733 70 844 o.a«9 0.381 
185 19.8 100 0.143 0.198 88 0.836 58 •13 o.aia 0.398 
aot 18.0 100 0.387 0.480 48 0.543 | : 4 8 '  '  813 1.005 1.383 
m 19.0 75 0.16a 0.337 53 0.877 53 813 0.349 0.334 
139 19.5 100 0.189 o.m 54 0.595 54 598 0.234 0.399 
183 17.5 80 o.ai3 0.308 M 0.836 56 843 0.368 0.385 
148 i9.a 75 o.aoa o.asd 89 0.803 89 8ia o.sia 0.398 
»• 1 throufih U. 
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la. Swwwy partial ramlta of data fsoa B 
Xw 
*0. 
flow Batos 
(Ib./aU.) I>or 
•oat 
2S«ap. 
Pw boat oil 
fotvorataroo 
Taouua 
(ia.B^) 
Poap 
Proto. 
(piiC.) 
Z 
(w./ 
lb. 
food) food fi^or 7ood Prdt. Tool Ti^or Ohaalior 
13 1.39 1,18 98.9 14.3 92.0 270 181 183 19.6 76 0.268 
14 1.22 0.96 99.6 20.6 98.0 m 194 3L4 19.6 76 0.248 
16 1.41 1.09 99.6 22.1 98.1 266 194 208 19.6 70 0.268 
le 1.21 0.33 97.9 72.6 99.9 284 266 349 19.2 70 0.261 
If 1.60 1.04 98.6 29.1 96.6 246 186 196 20.3 70 0.219 
18 1.69 0.69 96.3 67.2 97.1 218 3»> 22L 20.1 70 0.206 
19 1.63 0.66 96.2 64.7 97.1 230 240 234 20.0 70 0.228 
20 1.72 1.34 98.8 2L.2 96.2 262 176 176 20.4 100 0.16a 
a 1.66 i.ae 99.4 21.7 97.6 269 196 196 20.2 100 o.aifl 
^ A. 1/8 A3 t>lodc vltb a l/SS-iMh orlfioo wai u«od tor thaao nuii. 

lad partial ramlto of data fvoa Bnao 13 throiii^  21.^  
10 
Taawai Foap 
Proos. 
(paic*) 
Zadiroot Stoaa mroot 8toaa 
(u./ 
lb. 
food) 
Clb./ 
lb. 
vapor) 
Prooo. 
(ptlf.) 
Bato 
(lb./ 
•la.) 
Prooi. 
(poU*) (•*.) 
(lb./ 
lb. 
food) 
(lb./ 
lb. 
vapor) bMilior 
183 19,6 76 0.288 0.316 72 0.662 78 616 0.476 0.661 
3L4 19.6 76 0.248 0.312 76 0.706 83 697 0.678 0.734 
ao8 19.6 70 0.268 0.^  74 0.690 81 631 0.490 0.633 
949 19.2 70 0.261 0.972 86 0.733 87 619 0.606 2.280 
196 30.3 70 0.219 0.310 72 0.647 76 628 0.431 0.623 
231 3a.i 70 0.206 0.498 72 0.662 77 803 0.392 0.980 
334 20.0 70 0.228 0.633 76 6.712 M 668 0.466 1.079 
170 20.4 100 0.163 0.209 60 0.666 61 671 0.381 0.489 
196 20.2 100 0.216 0.878 71 0.776 76 616 0.470 0.606 
tluiao nmo< 
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For ooat oil 
SMS>o«»tttroo 
(°y;) Taeuua 
(in.Hff) 
Pwqp 
Preso. 
(pale*) 
(lb., 
lb. 
7eod Food ?i^r 
l
i
t
 
7oad Prdt. Food Tapor OhaalMr 
82 1.60 o.ao 97i6 80.8 99.4 201 280 228 20.2 100 0.18 
23 2.09 0.43 97.5 79.1 99.3 183 233 226 19.9 100 0.14 
at 2.32 0.46 98.2 79.1 99^6 174 234 236 19.8 itio 0.13 
26 ' 2.02 0.40 97.2 80.0 W.3 181 ! 243 a«i 20.0 78 0.14 
aft 2.02 0.38 97.6 80.9 99.4 181 344 243 20.0 o.is 
a/ 2.02 0.46 98.2 76.1 99.4 191 243 2iS7 20^0 76 0.14 
as 2.04 0.48 99.8 76.3 99.9 190 242 248 19^8 78 0.14 
29 2.07 0.48 99.3 76.6 99.8 189 243 246 19.8 78 0.14 
^ A l/s A3 Hook with a l/33»laah orlfleo mo usod for ^ ooo rtao. 

•ad 0)f d»t* R\as 22 through 39.^  
iir«B 
) Taeuua 
(in.Hft) 
Puiqp 
Proso. 
(paifi.) 
Iiidtreet StMa Slr«ot Steaa 
(lb./ 
lb. 
7e«d) 
(lb./ 
lb. 
Tapor) 
PfesB. 
(psiff.) 
R»t« 
(lb./ 
ain.) 
Prefs. 
(p«i6.) 
Vwp. 
(•».) 
(lb./ 
lb. 
faod) 
(lb./ 
lb. 
••per) qiamb9t 
22$ 30.2 100 0.186 0.993 78 0.853 84 613 0.B33 2.843 
22s 19.9 100 0,147 0.723 77 0^853 84 692 0.406 1.983 
236 19.8 100 0.139 0.679 76 0.608 80 604 0^346 1.672 
aa 30.0 78 0.148 0.789 76 0;838 83 613 0.414 3.086 
34!! a).o ''76 ' ' 0.1S3 0.820 78 0.831 81 610 0.406 3.160 
38? 78 0.147 0.628 80 0^990 100 601 0.490 3.068 
348 19.8 78 0.148 0.616 80 0^900 90 637 0.441 1.876 
346 19.8 78 0.148 0.623 78 0.897 89 663 0.433 1.868 
rwis* 

14. atummrjr M partial r««altt of da  ^i 
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Flow Itatoa 
(ib./aia.) 
ooat 
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For ooat oil 
ViKporatttrot 
(•F.) faoinui 
(la.qs) 
Prooa. 
(paifi.) Food Tapor Food Prdt. Food Taj>or OlMibor 
36 1.56 0.a3 99.2 80.0 99.9 200 207 261 19.0 70 
31 1.57 0.33 99.4 85.0 99.9 204 350 270 19.8 70 
.82 1.13 0.90 99.9 30.8 99.8 287 244 260 20.0 70 
33 1.68 0.30 99.2 77.1 99.7 197 214 a4 20.0 70 
14 1.40 0.33 98.6 77.0 99.6 310 234 230 aD.o 70 
30 1.07 0.30 98.7 77.2 99.6 201 223 230 19.9 70 
^ a X/| jkx ULook with a xtzz'lmah. orifia* was used for thoao nmm. 
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Praaa. 
(P«i€.) 
Rata 
(lb./ 
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lb. 
faad) 
(lb./ 
lb. 
•apor) NllNff 
asi 19.6 78 0.334 1.630 76 0.878 87 640 0.663 3.990 
370 19.8 76 0.318 1.464 77 0.930 93 631 0.693 4.046 
30.0 76 0.386 0.344 78 1.076 93 663 0.963 1.196 
sa,4 3QI.0 6^ 0.a3 0.943 87 0.306 66 674 0.301 0.876 
336 30.0 76 0.339 1.011 74 0.436 86 673 0.399 1.333 
330 19.9 76 0.336 1.001 78 0.384 93 699 0.344 0.363 
ia« ma* 
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In general, the spray was observed to be well dispersed 
and apparently very finely atomized. The sight glasses In the 
chamber cover proved Invaluable In permitting ready observa­
tion of the pattern, location of Initial turbulence or dis­
ruption, and In noting the degree of entralnment. 
In only one run was any degree of steam condensation 
observed In the product receiver. The change In conditions 
normally coexistent which created this highly undesirable 
phenomenon could not be ascertained. 
A summary of the data and partliil results for Runs 1 
through 12 Is presented In Table 11. At the termination of 
this group the 3/6^ ~lnch orifice was replaced by one of 
smaller bore, 1/32-lnch In diameter, and Investigations re­
newed with Run 13. All following runs made use of the smaller 
nozzle and their operation proceeded In a manner quite similar 
to that already given. Further data are recorded In Tables I3 
and 14. Tables 11 and 12 are primarily concerned with runs 
feeding 20 per cent mlscella, while Tables I3 and Ik record 
the data obtained from mlscella averaging 80 per cent oil. 
Discussion of final mlscella runs 
The operation of the equipment In the final studies was 
carried out using varying concentrations of mlscella. In 
general, a feed of either 20 or 80 weight per cent oil was 
used, however. The latter concentration was Investigated to 
determine the efficiency of the apparatus, as then arranged. 
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for completely stripping the solvent from pre-evaporatecL 
mlscella. 
The rate of vaporization of trichloroethylene was seen to 
"be dependent not only on the feed rate but, as might be ex­
pected, on the composition of the feed. The variation in this 
dependency ha.a been shown graphically in Figure 31. It Is 
evident that when feeding around 20 per cent mlscella the rate 
of vaporization Increased at about the same rate as did the 
feed. In other words, the ratio of the pounds of vapor pro­
duced to pounds of mlscella fed varied only between 0.685 and 
0.796, averaging 0.763 pounds solvent vaporized per pound of 
mlscella. At a feed rate of about 2.1 pounds per minute, 
however, this ratio began to decrease, approaching a value of 
0.71 when feeding about 3 pounds per minute. It may be de~ 
duced that the curve shall approach asymptotically some value 
for the vaporization rate, say 2.3 pounds per minute. 
Although inconclusive evidence has been obtained the 
points for other concentrations of mlsoella seem to fall on 
the plot with some semblance of.pattern, according to the 
respective feed concentrations. With increasing per cents of 
oil in the feed the curves decrease in slope. The obvious 
result of progressively increasing the oil concentration is a 
horizontal line through a zero vapor rate, or coincident with 
the abscissa, at a pure oil feed. 
A pattern or family of curves should appear in Figure 32 
elmllar to the construction obtained in Figure 31. In 
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plotting the temperature to which the mieoella vas raised 
against the throughput in the heat exchanger, average curves 
for 20 and 80 per cent oil arrange themselves as indicated. 
For both feeds the miscella temperature decreased with in­
creasing feed rate; the plot for 20 per cent oil contains a 
8ome«ribat steeper slope, suggesting that this concentration is 
more responsive to alterations in the feed rate. 
Figure 32 shows that when feeding at the rate of 2.0 
pounds per minute, if the composition of the miscella averages 
20 per cent oil the output of the heat exchanger shall be at 
about 2^ 5® F., while for 80 per cent feed only enough energy 
is absorbed to reach 188° F. This might be expected since the 
viscosity of 20 per cent miscella imder the conditions of 
heating is only one-fourth that of 80 per cent oil. Too, the 
heat capacity of 20 per cent miscella is about 0.6 that of 
80 per cent oil. As a net result, at the same mass rate not 
only did the 80 per cent feed require more unit heat than the 
20 per cent but leas waa made available becauae of deoreaaed 
turbulence due to greatly increased viscosity. 
The potential heat available at the wall of the heat ex­
changer was reasonably constant* The steam valve to the unit 
was always full open and the steam pressure approximately the 
same for most cases. It might be said, then, that for the 
equipment used the miscella temperature for any feed rate 
would vary inversely in some manner as the oil concentration 
increased. 
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Further evidence of the above may be observed by 
reference to Figure 33. Here, the temperature scale has been 
extended and the curvature becomes apparent. Assuming 70 
pound steam to the heat exchanger, condensing at 316° F., the 
curve must continue up'ward to this temperature as Its upper 
limit at a theoretical feed rate Infinitely close to zero 
pounds per minute. Regardless of the rate of heat transfer 
between the condensing steam and the bulk of the mlscella, a 
near Infinite time would be available to transfer. The curve, 
or a similar one for any heater, possesses merit In that It 
specifies a minimum flow rate to avoid darkening the oil for 
constant steam supply conditions. Practically, such plots are 
of little or no lasting value because of the rapid Increase In 
the scale resistance on the oil side. 
Figure 33 also contains a related curve, the variation of 
the per cent vaporization of trlchloroethylene with the feed 
rate. Both curves represent data for 20 per cent mlscella, 
using 0.6 to 0.8 pounds of direct stripping steam per minute. 
From the combined plots one obtains both the average pre­
vailing mlscella temperature to the nozzle and the per cent of 
the original solvoit In the feed which would be vaporized for 
any given feed rate. A rough iJarallellsm Is Indicated between 
the two curves. "While they are exact and specific for the 
equipment In use, they are representative of the correlation 
of data obtained from any similar though larger unit. 
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Not® that the per oent vaporization plot In Figure 33 le 
broken at a feed rate of 1.0 pound of 20 per cent mleoella per 
minute, but has been extrapolated to about 100 per cent vapori­
zation at approximately zero feed rate. Again, this must be 
true since In this theoretical case, assuming the same small-
ness of particle produced under pressure atomlzatlon, only the 
force of gravity vould tend to accelerate the particle from 
the nozzle to the chamber walls. Thus, the contact time would 
be considerably extended over that In actual operation. Quite 
probably If such a theoretical particle were to form and 
loosen from the nozzle at close to zero velocity, the turbu­
lence of the stripping steam would suspend it even longer. 
Figure 3^  presents the direct relation between product 
quality and the feed rate under the same conditions prevailing 
in Figure 33* Steam, both direct and indirect, in amounts 
from 0.95 to 1.15 pounds per minute was used. An evaluation 
of the equipment, as studied, becomes immediately available 
with reference to Figure 3^ . Thus, a product containing less 
than 10 per pent solvent may be obtained only at feed rates up 
to about 2.0 pounds per minute. The residual solvent drops 
to 3 peJ^  cent or less at feed rates up to 1.5 pounds per 
minute, and 98 per cent oil can result from feeding 1.4 pounds 
per minute of 20 per oent solvent. 
Reference to Tables 13 and l4 shows that in all cases 
when the feed was 76 per oent oil, or more, the poorest product 
obtained contained only 0.7 per cent trichloroethylene. On 
Product oonosntration - wt. per cent-oil 
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the other hand the best product still held 0.0012 pounds of 
solvent per pound. 
The relation between the total eteam consumption and both 
the product concentration and per cent vaporization Is shown 
In Figure 35- The best correlation Involving the quantity of 
steam used Is obtained by expressing this requirement on a 
unit basis, or pounds of steam per pound of feed. The In­
direct steam, or that to the heat exchanger and Interior colls 
In the spray oMmber, varied only with the pressure In the 
main and with the demands placed upon It because of the 
characteristics of the mlscella flow. No effort was made to 
control this thermal source. 
The direct steam, conversely, was controlled rather care­
fully. By observing the pressure, reference to calibration 
charts gave the setting required for the Hancock Flocontrol 
valve to meter any desired quantity of stripping steam to the 
spray chamber. The temperature of the direct steam could be 
controlled to within about 10 degrees by adjusting the burner 
flame Into the superheater. 
Figure 35 shows that the quality of the product Increased 
very rapidly with Increasing steam up to 0.6 pounds per pound 
of feed for feed rates from 1.1 to 3*0 pounds per minute. At 
this point the product concentration, and therefore the per 
cent vaporization, equally rapidly leveled off to approach 100 
per cent In both cases. While such an abrupt change Is highly 
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desirable, the reason for Its occurrence at 0.6 pounds Is not 
entirely clear. Obviously, It wuld have been even more 
satisfactory had the break occurred at 0.5 or 0.^  pounds of 
steam per pound of feed. 
The curve suggests some degree of Inefficiency In the 
completeness with which the atomized particles were contacted 
by the stripping steam. Better contact efficiency would 
describe a curve i^ ose upper portion approached the 100 per 
cent axis more closely and extended more nearly horizontal for 
a farther distance to the left. Remedies are discussed In the 
section following. 
Figure 36 presents curves similar to those In Figure 35 
excepting that they correlate the product quality and per cent 
vaporization not with unit quantities of total stesun but with 
direct steam alone. While the two curves become coincident In 
Figure 35 at about 0.6 pounds of steam per pound of feed, In 
Figure 36 coincidence Is only momentarily attained at about 
0.29 pounds of stripping steam per pound of feed. The slopes 
of the product concentration curves In the two figures are 
nearly Identical up to around 92 per cent oil. The curve for 
per cent vaporization, however. Is much steeper In Figure 36 
and extends Into a higher range of product concentrations 
before It abruptly breaks to asymptotically approach 100 per 
cent. The Intimation Is that more efficient use could have 
been made of the Indirect steam. 
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Figures 35 and 3 6 ,  of couirse, are only applicable to the 
equlpaent studied and under the specified conditions. With 
their assistance, however, changes have been suggested for 
future study of this seml-pllot plant model which may enable 
continuous deaolventlzatlon of 20 per cent ralacella to leas 
than 0.1 per cent residual trlchloroethylene, at more practical 
feed rates. 
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GENERAL DISCUSSION AND CONOLU3IONS 
Spray chambers of two different sizes were assembled and 
operated to give Independent sets of data on the application 
of spray drying principles to the desolventlzatIon of mlscella. 
The first spray chamber was 18 Inches In diameter and 2 feet, 
9 Inches In height. Because of the small dimensions, espe­
cially the diameter, It was Impracticable to Inject mlscella 
at a high enough nozzle pressure to ensure proper atomlzatlon 
without contacting the chamber walls before evaporation. If 
pressure was applied sufficient to effect good atomlzatlon and 
dispersion, any available nozzle permitted excessive rates of 
mlscella flow. If, on the other hand, an orifice small enough 
to adequately restrict the flow were used an almost optically-
clear mlscella was required to avoid clogging. 
The final spray chamber measured 2 feet inside diameter, 
 ^feet in vertical height, and had a conical bottom which 
tapered over another 1 foot of vertical height. Thus, the 
second unit had almost ^  times the volume of the first, a fact 
which was sufficient to make the system operable. It is con­
cluded that: 
1. The minimum dimensions required of a labora-
tory-slze spray drying chamber are those of a 
cylinder 2 feet in diameter and ^  feet high, 
with a cone bottom to insure rapid drainage. 
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2. If atomlzatlon is produced by means of a 
pressure nozzle the orifice of the nozzle 
should have a minimum diameter of 0.0313 
inches if unflltered feed is to be used. 
3. A pressure nozzle whose orifice is 0.0313 
Inches in diameter will produce eatlefactory 
atomlzatlon when the miscella is under a 
pressure of 50 or more pounds per square 
inch, gage. 
Complete lack of control of the feed rate was experienced 
in many runs because of the tendency of the nozzle orifice to 
clog. OontinuouB operation over the period of a run was ulti­
mately obtained only by adequate strainers in the line, and 
these generally required cleaning after each run. The depend­
ency of the feed rate upon the orifice size haa already been 
mentioned. Therefore, it is concluded that; 
A centrifugal atomizer is more desirable than 
a pressure nozzle in that atomlzatlon is ob­
tained over a wider range of smaller, more 
uniform particles and dispersion is uniformly 
even, not dependent on the feed rate but on 
the angular velocity of the disc. Suspended 
solids in the feed have much less effect on 
the dispersion and rarely clog the atomizer 
assembly. 
5. It is recommended that the test equipment be 
fitted ^ irlth a centrifugal atomizer, which 
would enable more consistent and reliable 
data to be obtained over a wider range of 
feed rates. 
For both the initial and final equipment the feed was 
heated as high as 290^  F. in the case of miscella containing 
20 per cent oil, and to 200® F. feeding around 80 per cent 
miscella. These are the maximum allowable temperatures to 
which these concentrations may be raised momentarily without 
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noticeably darkening the color of the oil. For the elze of 
the heat exchanger used, contact time bett?een the feed and the 
hot pipe varied from 3.44 minutes at 20 per cent feed and 2.6o 
minutes at 80 per cent feed, for a rate of 0.5 pounds per 
minute, to 0.54 (20 per cent) and 0.44 (80 per cent) when the 
feed rate ms 3»0 pounds per minute. 
Assuming 20 per cent mlacella at 280° F. issued from the 
nozzle Into the chamber under 20 Inches of Hg vacuum at a rate 
of 2.0 pounds per minute, and 99»8 P©!* cent mlscella vas re­
ceived from the bottom of the chamber, an evaporation rate of 
1.599 pounds of trlchloroethylene per minute would prevail. 
At this vacuum the solvent bolls at about 52-5° C., and re­
quires a latent heat of vaporization of about 112 Btu. per 
pound. The evaporation, therefore, requires (l.599)(112) = 
179 Btu. per minute. In raising the mlscella from a room tem­
perature of 90® F. to 280° F., at an average specific heat of 
0.28, there have been added around 106 Btu. per minute. Of 
this figure about 2.0 Btu. per minute leave In the product at, 
say, 100° F. (or 10® above datum), leaving 104 Btu. per minute 
available for vaporization. It would be theoretically pos­
sible, therefore, to vaporize but (104/112) = 0.929 pounds of 
solvent per minute utilizing only the heat content of the 
feed. An additional 75 Btu. per minute are required to evapo­
rate the specified 1.599 pounds per minute. Thus it is con­
cluded that: 
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6. It is Impoeelble to add sufficient thermal 
energy in a heat exchanger to satisfy the 
latent heat required, for nearly complete 
vaporization of the trlchloroethylene with­
out darkening the oil to a damaging degree. 
Stripping steam ims injected into the spray chamber about 
4 feet below the point of mlscella injection; the degree to 
which the flow was countercurrent depended on the relative 
velocities of the particles and steam. The steam issued up~ 
ward into the chamber from the open ends of two 3/8-lnch pipes, 
diametrically opposite in the chamber cone (Figure 22). 
In operation, a horizontal, doughnut-shaped region of 
violent turbulence was observed approximately at the Junction 
of the oone bottom and the vertical walls, which was caused 
by the meeting of the two opposed streams. Apparently, a 
negligible quantity of steam contacted the particles in their 
first foot of travel. The effect of increasing the amount of 
stripping steam per pound of feed on increasing the quality of 
the product dropped off sharply between 0.^  and 0.6 pounds of 
steam per pound of feed, and had almost negligible effect be­
yond a value of 0.?. Therefore, It is concluded that: 
7. Direct steam at temperatures to 675*^  F. may 
be added to an atomized mlscella at rates 
as high as 1.0 pound of steam per pound of 
mlscella without appreciably darkening the 
oil in the product. The contact time between 
the mlscella particles and the high-tempera­
ture direct gteam is so short that if the 
particle path is properly chosen the oil in 
the particle will be protected from the ex­
treme steam temperature by vaporization of 
the trlchloroethylene. 
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8* If the particle, having loat Its original 
trlohloroethylenc, remains only momentarily 
In the direct steam It will be Irreparably 
damaged. 
9. The manner In which the direct steam was 
brought to contact with the atomized mls-
cella was not such as to fully utilize the 
stripping capacity of the steam. 
10. It la recommended that application of direct 
steam to the particle cloud begin Immedi­
ately upon the latter's formation; gradually 
Increasing amounts of steam should be Inter­
acted with the particles from a point 8 or 
10 Inches from the atomizer to their proxim­
ity with the surface of the spray chamber. 
11. It Is further recommended that a portion of 
the direct steam be applied tangentlally to 
the outer surface of the cone of atomlzatlon, 
perhaps at an angle slightly above the hori­
zontal. The final portion of direct steam 
should also be applied to the cone but against 
Its Inner surface. The velocity of the steam 
must be low In order to avoid disruption of 
the pattern of particle dispersion. 
12. A more easily Installed system of application 
than described In Item 11 Is as follows. 
Extend one of the two present Inlets to the 
vertical axis of the chamber, centering It 
directly below the orifice In the nozzle. 
Divert the steam entering this line Into a 
vertical pipe, capped and extending to a point 
6 Inches below and In line with the orifice. 
Drill ^  holes every 2 Inches up the pipe on 
90° centers, Increasing drill sizes from 1/32-
Inch at the bottom to 1/8-lnch near the top. 
Screw a 45® elbow on the second of the two 
present Inlets and add a 6-lnch nipple, turn­
ing the assembly to form an Inclined angle of 
approximately 6o° with the diameter of the 
chamber. iFlatten the open end of the 6-lnch 
nipple evenly to present a vertical rectan­
gular opening about 1/8-lnch wide. The steam 
should attain tangential motion. 
13. The efficiency of Interaction between the 
stripping steam and the particles will alone 
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determine the worth of this desolventIzatlon 
process. This factor Is paramount In the 
difference between success and failure In 
competition with standard evaporating and 
stripping systems. 
Rlslng-fllm evaporators In Industrial extraction plants 
require around 0.1 to 0.5 pounds of steam per pound of 20 per 
cent feed while stripping columns may use 1.0 pounds per pound 
of 80 per cent feed. Thus, a total of approximately 1.5 
pounds of steam per pound of mlsoelia may be needed In present 
commercial systems to desolventlze from 20 to around 100 per 
cent oil. Fl^ re 35 shows that the spray system developed In 
this Investigation concentrates from 20 per cent oil to about 
98 per cent using a total of only 0.75 pounds of total steam 
per pound of feed. It Is concluded that: 
1^ . Atomlzatlon of 20 per cent mlscella In the 
presence of superheated steam accomplished 
vaporization of trlchloroethylene nearly 
equal to that by conventional methods, and 
used only one-half as much steam In so doing. 
Since the degree of contact between the particulate sys­
tem and the stripping steam Is known not to have been the most 
efficient possible. It Is further concluded that: 
15. Atomlzatlon of 20 per cent mlscella In the 
presence of superheated steam will accom­
plish complete desolventlzatlon to 100 per 
cent oil If sufficient contact efficiency 
Is inalntalned between particles and steam, 
and the process will require less than one-
half the total unit steam now used by con­
ventional methods. 
In preparing material balances, at times as high as 15 
per cent of the original solvent In the feed was observed to 
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have heen lost, presumably In the vacuum line. Thus, It had 
heen unaffected "by the condenser surface. The origin of the 
loss may have been In the formation of fog from a super­
saturated vapor, v/hlch would result in entralnment of liquid 
solvent out the vacuum line from the condenser vent. The loss 
ms composed in part of the normal saturation value of trl-
chloroethylene in air, vhlch at 70° F. and atmospheric pres­
sure, for example, equals about 0.4 pounds per pound of dry 
air. 
Raw soybean flakes were observed by Measamer (85) to 
function satisfactorily as absorbers of trlchloroethylene in 
air, and a K^ a of 152 pounds of solvent per cubic foot of 
flakes per hour per atmosphere partial pressure difference at 
25° 0. was obtained from experimental data. This figure was 
based on the assumption that all the absorbed solvent was 
taken up by the oil and none by other parts of the flakes. 
From the foregoing it is concluded that: 
16. The use of an ordinary cyclone separator to 
remove the tiny entrained trlchloroethylene 
droplets would be wholly Inadequate due to 
their fineness. The gaseous discharge from 
the vacuum pump should be directed Into the 
bottom of the raw flake bed moving down the 
extractor feed spout. As an alternate but 
less desirable arrangement, a twin unit of 
well-baffled absorbers, each having a volume 
of about 3 cubic feet of raw flakes, could 
be integrated in the line between condenser 
vent and the vacuum pump inlet. 
Entralnment of oil and mlscella particles into the verti­
cal vapor line which led from the top of the spray chamber to 
211 
the first condenser invariably occurred as a result of exces­
sive vapor velocity in this duct. Refluxing could be observed 
from this line back into the chamber, and at times the first 
condenser contained an emulsion of oil in water at the end of 
a run. Since to alter the size of the vapor offtake would 
involve extensive labor, it la recommended that: 
17. A small cyclone separator be inserted in the 
3-inch horizontal line between the vertical 
vapor line from the top of the chamber and 
the first condenser. A drain may be pro­
vided back to the chamber or, since the 
total volume entrained during test operation 
is small, it should suffice to provide a 
holding capacity of about one pint. 
Investigations into the relations between vapor pressure 
and temperature for several concentrations of miscella re­
vealed that these binary solutions may exert vapor pressures 
greater than those of pure trichloroethylene. When the vapor 
pressure was plotted against concentration (Figure 12) Isother­
mal s were obtained which consistently contained a maximum 
vapor pressure for about 20 per cent miscella. A similar 
maximum for 20 per cent oil resulted from plotting (Figure 6) 
the data of Johnstone, Spoor, and Goss (61), relating the 
index of refraction and concentration. It is concluded that; 
18. The vapor pressure of misoella of all con­
centrations from 0 to 20 per cent oil by 
weight is always greater than the vapor 
pressure of pure trichloroethylene, over 
the range from 30° to 90° 0. 
Prom the experimental investigations carried out in this 
research and in view of the results obtained it is fineilly 
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concluded that: 
19. The principles of spray drying are entirely 
and directly applicable to the deeolventlza-
tlon of mlflcella. A superior light oil may 
be obtained by efficiently stripping a uni­
form, finely dispersed miBcella under vacuum 
with direct steam at 600® P. 
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